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Abstract 
 
 
As is widely known, condition based maintenance (CBM) practices have generally 
led to reduced waste, improved machine availability and decreased maintenance 
costs however  these practices remain underutilised in the maintenance management 
of Diesel engines. A major factor in this situation has been the inherently limited 
amount of information regarding incipient faults provided by commonly used Diesel 
engine monitoring techniques such as those based on oil analysis, cylinder pressure 
measurements and vibration analysis. Previous investigations have however shown 
that acoustic emission (AE) based methods can provide effective fault diagnosis in 
Diesel engines in some cases, although some challenges remain preventing their 
widespread adoption. Foremost amongst these is the challenge of identifying and 
discriminating between a number of AE events that originate as a consequence of 
the operation of various engine components and phenomena related to the 
combustion process.  
 
The research presented throughout this thesis addresses this challenge using the 
premise where it is thought that by integrating detailed information concerning 
engine function, knowledge of relevant failure mechanisms and established 
modelling techniques, it is possible to specifically identify and monitor a range of 
incipient combustion related Diesel engine faults using AE signals.  An approach to 
AE signal interpretation and characterisation using engine function information, 
knowledge of relevant failure mechanisms and established modelling techniques was 
applied to AE signals recorded during the course of four investigations which 
featured the inducement of injector nozzle faults in the two commonly used nozzle 
types; excessive dual-fuel Diesel knock; abnormal valve-train dynamics and 
excessive piston-slap.  
 
In characterising AE activity from the injector nozzle fault tests with respect to the 
nozzle type it was found that AE activity could be identified as being related to 
faulty operation of the hole or pintle-type nozzles. Use of the AE signal 
interpretation and characterisation approach during the induced dual-fuel Diesel 
  ii 
knock investigation demonstrated the use of AE measurements in the detection and 
characterisation of dual-fuel Diesel knock in Diesel engines whilst during the 
abnormal valve-train dynamics investigation a dynamic model of an engine valve-
train was used to characterise valve related AE activity. These results showed that 
valve related AE activity could be effectively identified and monitored using 
modeled valve motion information with progressive increases in AE activity being 
consistent with the valve impact velocity increases predicted by the dynamic valve-
train model. During the final investigation a piston side-force modelling method was 
used to identify the crank-angle positions associated with six potential piston slap 
impacts. Results from this investigation showed that piston-slap related AE activity 
was generally of low amplitude however measurable piston slap related AE activity 
was identified at mid-stroke piston positions. Together, these findings show that in 
the case of each of the investigations undertaken the use of detailed information 
concerning engine function, knowledge of relevant fault mechanisms and established 
modelling techniques, was able to provide an AE signal interpretation and 
characterisation architecture that allowed a range of combustion related faults caused 
by both degradation of combustion related components and by abnormal combustion 
to be identified and monitored.   
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Chapter 1  
 
 
Introduction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The reliability, efficiency and robustness of Diesel engines have led to their 
widespread use throughout the world. They are used in myriad, sometimes critical 
roles such as power generation or ship propulsion therefore efficient engine 
reliability and performance are of utmost importance. Furthermore, Diesel engines 
such as the Volvo D16G heavy duty truck engine shown in Figure 1.1 often 
represent substantial initial and ongoing investments which in addition to obvious 
reliability and performance concerns, are attended by longer term asset lifecycle 
considerations such as ongoing economic, environmental and societal costs. These 
factors all result in the continuing need to not only develop better Diesel engines, 
but to also develop better Diesel engine monitoring technologies.  
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As is widely known, condition based maintenance (CBM) practices have, in general,  
led to reduced waste, improved machine availability and decreased maintenance 
costs but remain underutilised in the maintenance management of Diesel engines. A 
major factor in this situation has been the inherently limited amount of information 
regarding component condition provided by commonly used engine monitoring 
techniques. Indeed, the development and application of CBM practices to Diesel 
engines is arguably one of the most difficult ongoing technical challenges in the 
condition monitoring arena and the push to apply CBM practices to Diesel engines 
has led to continuing research regarding the development of more effective Diesel 
engine condition monitoring methods.  
 
 
 
Figure 1.1: The Volvo D16G heavy duty truck engine  
 
Commonly used Diesel engine condition monitoring (CM) techniques such as oil 
analysis, cylinder pressure measurements and vibration analysis are widely 
recognised as being of limited use in undertaking the fault diagnosis necessary for 
the implementation of CBM as these techniques measure parameters that have an 
indirect or symptomatic relationship to underlying failure modes. As a consequence 
these commonly used Diesel engine CM techniques provide very little direct 
information concerning the development and progression of incipient faults within 
the components of the engine. If combustion related faults are considered 
specifically, this situation is complicated further due to the inaccessible location of 
the combustion chamber and associated components. 
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1.1 Research Background 
Previous investigations have demonstrated that acoustic emission (AE) based 
methods can monitor phenomena associated with various combustion related fault 
modes directly and are able to provide effective fault diagnosis for traditionally 
difficult to monitor combustion related components. However some challenges 
remain. Foremost amongst these is the challenge faced in identifying and 
discriminating between various AE sources that have a close temporal association. 
These AE events typically originate within the engine cycle as a consequence of 
both; the operation of combustion related components, and of phenomena 
specifically related to the combustion process.  
 
Previous investigations have attempted to address the challenge of identifying AE 
sources in signals recorded from engines in a number of ways, these approaches 
have included an event mapping approach whereby recorded AE signal features are 
related to various mechanical events within the engine cycle based upon known 
event timing values. A source location approach has also been detailed in which the 
geometric location of AE sources in terms of the engine structure has been 
calculated using various methods.  
 
Other approaches have included a source separation approach whereby advanced 
signal processing methods are employed to differentiate between different AE 
sources in signals recorded from an array of sensors and a signal characterisation 
approach whereby specific signal characteristics are related to events or processes of 
interest. The use of these approaches have met with varying levels of success and the 
challenge of identifying and discriminating between the combustion related AE 
sources continues to hinder progress in this field. 
 
1.2 Problem Statement  
Owing to the widely acknowledged ability of AE based CM methods to detect many 
combustion related fault mechanisms directly, it is hypothesised that by integrating 
detailed information concerning component function, knowledge of relevant fault 
modes and established modelling techniques it may be possible to explicitly identify 
and monitor range of combustion related Diesel engine faults using a combination of 
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event mapping and signal characterisation approaches to the AE source 
identification challenge.  
 
1.3 Research Aim and Objectives 
The overall aim of the work presented in this thesis is to identify and characterise the 
AE activity that originates from combustion related AE sources using an approach 
that incorporates detailed component function information, knowledge of relevant 
fault modes and established modelling techniques. In order to achieve this overall 
aim it was necessary to identify a number of major objectives. These objectives 
were:  
 
• Understand the operation of the critical combustion related components and 
the relationships between these components and the combustion process 
itself 
 
• Identify the underlying fault modes that typically lead to combustion related 
Diesel engine faults 
 
• Identify the relevant component function and  fault mode information needed 
to develop relevant models by which AE signals can be investigated and 
characterised 
 
• Develop a methodology for the analysis of recorded AE signals in order to 
identify fault specific signal features  
 
• Develop methods in order to realistically induce a range of broadly 
applicable combustion related diesel engine faults  
 
   
In addressing the overall aim and attendant objectives of the research detailed in this 
thesis, four major test campaigns were undertaken, these were the injector nozzle 
fault tests; the dual-fuel Diesel knock tests; the valve-train dynamics tests and the 
 
 
Chapter 1: Introduction 
 5  
piston-slap tests. The primary objectives associated with each of these test 
campaigns were as follows: 
 
• The objective of the injector nozzle fault tests was to identify and categorise 
AE activity specifically associated with the operation of the two main types 
of Diesel fuel injector nozzles.  
 
• The objective of the dual-fuel Diesel knock tests was to identify and 
characterise knock related activity in dual-fuel Diesel engines as an AE 
source in terms of the underlying knock related phenomena.  
 
• The objective of the valve-train dynamics tests was to characterise the AE 
activity that arises as a consequence of abnormal valve-train dynamics using 
relevant dynamic valve motion modelling techniques.  
 
• The objective of the piston-slap tests was to investigate the phenomenon of 
piston slap as a source of AE and identify whether any AE signal features 
could be directly identified as being caused by piston slap.  
 
1.4 Scope of Research 
The research detailed within this thesis has addressed the challenge of identifying 
and discriminating between AE events that originate as a consequence of the 
operation of combustion related components and of the combustion process itself. 
The work presented has been predominantly based on four investigations featuring 
fuel injector nozzle faults in the two commonly used nozzle types; induced dual-fuel 
Diesel knock; abnormal valve-train dynamics and excessive piston-slap. Whilst the 
experimental campaigns with these faults have been demonstrated using small, 
multi-cylinder four-stroke Diesel engines it is thought that the broad applicability of 
the fault modes examined makes the adopted approach equally applicable to Diesel 
engines of all types and sizes.  
 
It is acknowledged however that whilst the general approach used is believed to be 
broadly applicable, the incorporation of engine specific information and the use of 
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engine specific models throughout this work suggest that care should be taken in 
directly ascribing the findings presented throughout this work to other engine types 
or sizes. It is also acknowledged that the models used in the characterisation of AE 
signals during the abnormal valve-train dynamics and excessive piston-slap test 
campaigns were not validated experimentally as this added experimental work was 
outside the scope of the work within this thesis.  
  
1.5 Originality of Contribution  
It is believed that the overall methodology used within this thesis whereby a range of 
broadly applicable combustion related fault modes have been defined using detailed 
functional and theoretical means and subsequently used to investigate AE signals 
represents a novel approach in addressing the previously mentioned issues. More 
specifically, original contributions are claimed for: 
 
• The demonstration of a systematic approach incorporating detailed fault 
mode information  into the simulation and inducement of a range of realistic 
combustion related faults featuring pintle and hole-type Diesel fuel injectors; 
dual-fuel Diesel knock; an engine valve-train and the piston-cylinder 
interface 
 
• The investigation and differentiation of AE activity in terms of the specific 
functional characteristics associated with the two main Diesel engine injector 
nozzle types. 
 
• The demonstration of previously unreported AE based Diesel knock 
detection in a dual-fuel Diesel engine and the recognition of the relationship 
between the large knock-related cylinder pressure fluctuations and recorded 
AE signals. 
 
• The characterisation of engine valve related AE activity in terms of dynamic 
valve motion predicted using established dynamic engine valve-train 
modelling techniques.  
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• The previously unreported identification of piston slap related AE activity at 
mid-stroke crank-angle positions using an established piston side-force 
modelling method and piston slap theory.  
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1.7 Thesis Outline  
This thesis has been structured so as to contain nine chapters, the contents of which 
are outlined in the following paragraphs. 
 
Chapter 1: Introduction 
Chapter 1 commences by briefly introducing and outlining the general background 
issues that have provided the impetus for research regarding Diesel engine condition 
monitoring. The specific research problem and how the work detailed in this thesis 
is able to addresses this issue is also defined. Subsequent sections identify the 
overall aim and objectives of the research and document the publications that have 
arisen from this work.  Chapter 1 closes by detailing the original contribution to 
knowledge that the research presented in this thesis represents. 
 
Chapter 2: A Review of Methods Used for Diesel Engine Condition Monitoring  
The second Chapter begins by providing an overview regarding the “state of the art” 
of both established and emerging Diesel engine condition monitoring technologies. 
The chapter then proceeds by summarising the main advantages and disadvantages 
associated with various engine monitoring technologies whereby certain key 
constraints associated with the continued development of advanced ECM 
technologies are identified. Comparisons are drawn between AE based monitoring 
methods and other techniques whilst latter sections of Chapter 2 go on to provide an 
overview regarding sources of AE, the typical attributes associated with recorded 
AE signals, and the established uses of AE measurements within other testing and 
monitoring fields. 
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Chapter 3: Combustion Related Diesel Engine Components, Faults and their 
Acoustic Emission Signal Features 
Chapter 3 starts by briefly detailing the phenomenon of AE propagation in engine 
structures as well as the previously established steps used to record, interpret and use 
AE signals recorded from Diesel engines.  Subsequent sections of Chapter 3 then 
combine descriptions of common combustion related fault modes with reviews that 
detail previously identified fault mode related AE signal features.  
 
Chapter 4: Experimental Approach and Methodology  
Chapter 4 firstly describes the two different Diesel test engines that were used 
during the experimental phase of the documented research. Subsequent sections 
within Chapter 4 go on to detail the aims specifically associated with each test 
campaign as well as the data acquisition systems and setups used whilst undertaking 
the required tests. The final sections of Chapter 4 then go on to document the basic 
signal processing methods that were used in the preparation of AE signals for further 
analysis. 
 
Chapter 5: Acoustic Emission Signal Features Associated with the Two Main Types 
of Diesel Engine Fuel Injector Nozzles 
Initial sections of Chapter 5 begin by detailing the methods used in inducing the 
injector nozzle faults and continue by qualifying the combustion related effects that 
arose. Following sections go on to detail a range of initial time-series and time-
frequency AE signal observations made regarding faulty hole-type injector 
operation. Subsequent sections of Chapter 5 then present the results of the injector 
fault investigation whereby AE activity from both pintle, and hole-type nozzle faults 
was compared and categorised in terms of the operational features associated with 
the two types of Diesel fuel injector nozzles.  
 
Chapter 6: Detection of Knock Related Acoustic Emission from a Dual-Fuel Diesel 
Engine Operating with Diesel Fuel and Ethanol 
Chapter 6 commences by introducing the phenomenon of dual-fuel Diesel knock and 
the method used to induce dual-fuel Diesel knock in the test engine. Chapter 6 then 
details the phenomenon of combustion chamber resonance. Subsequent parts of 
Chapter 6 then detail the two methods used to quantify the three different dual-fuel 
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Diesel knock levels induced throughout the test and present the results of the 
investigation whereby AE signals were compared and characterised in terms of the 
induced dual-fuel Diesel knock levels. 
 
Chapter 7: Characterisation of Acoustic Emission Associated with Abnormal Valve-
Train Dynamics in a Small Pushrod-Type Diesel Engine    
Chapter 7 begins by highlighting the importance of correctly controlled valve 
motion and the role played by dynamic modelling in addressing valve motion. 
Subsequent sections detail the process whereby a dynamic valve-train model specific 
to the engine used during the test campaign was developed. Subsequent sections 
then detail the investigation in which the predicted dynamic valve-train behavior 
was used to characterise recorded AE signals in terms of the underlying valve 
related AE generating events.  
 
Chapter 8 Detection and Characterisation of Acoustic Emission Activity Associated 
with Piston Slap in a Small Diesel Engine 
Chapter 8 begins by detailing the method used in inducing the excess piston slap and 
continues by describing the modelling process used to identify the crank-angle 
positions where six potential piston slap impacts could occur during the engine 
cycle. Subsequent sections of Chapter 8 then present the results of the investigation 
in which averaged AE RMS signals were examined for piston slap related AE 
activity using previously established model specific information. 
 
Chapter 9: Conclusions and Future Work    
The initial section of the closing chapter firstly summarises and details the 
conclusions drawn from the research presented throughout the thesis. Following this 
Chapter 9 then suggests in broad terms how the approach taken throughout this 
thesis may be implemented in the further development of Diesel engine condition 
monitoring systems. Chapter 9 finally concludes by highlighting those parts of the 
research which could be extended, complimented and built upon. 
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Chapter 2 
 
 
A Review of Methods Used 
for Diesel Engine Condition 
Monitoring 
 
 
 
 
 
 
 
 
 
The continuing push to develop Diesel engine monitoring systems that can both 
monitor operating performance, and provide effective fault diagnostics and 
prognostics has led to continuing research interest regarding the development of 
monitoring technologies. This interest has resulted in the continued development of 
engine monitoring methods using both established and emerging engine monitoring 
technologies. As an example, recent studies have investigated the automation, and 
improvement of the fault diagnosis task using tribology [1-3], cylinder pressure [4, 
5], and vibration data [6-10] as well as thermodynamic modelling [11], acoustic 
recordings [12-14], instantaneous crank-angle velocity measurements [15] and 
acoustic emission data [16]. The initial portion of Chapter 2 elaborates on this 
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engine monitoring theme by providing an overview regarding the research and 
application of the broad range of engine monitoring methods.  This opening portion 
of Chapter 2 is then followed by a summary highlighting the main advantages and 
disadvantages associated with AE based engine condition monitoring methods when 
compared against the other methods outlined during the initial part of the chapter.  
The final sections of Chapter 2 then go on to provide concise descriptions of the 
phenomena that generate AE; how AE measurements are made; and the varied 
applications of AE based methods in non-destructive testing (NDT) and condition 
monitoring (CM). 
 
2.1 Diesel Engine Monitoring Methods 
As Diesel engines feature complex interactions between multiple sub-systems, it is 
of no surprise that many parameters are needed to monitor the state of the engine 
and its auxiliary systems. Many engine parameters such as fluid stream pressures 
and temperatures, exhaust emissions, and ignition timing are monitored in order to 
provide information concerning the operational state of the engine, however, most 
of these measurands provide very little insight regarding the future mechanical state 
or “health” of the engine and its components. Many recent investigations have 
attempted to address this issue and consequently, have demonstrated or proposed a 
variety of different Diesel engine condition monitoring (ECM) methods based on: 
 
• Cylinder pressure  
• Crank-angle measurements 
• Exhaust gas measurements 
• Tribological methods 
• Air-borne acoustics 
• Vibration  
• Acoustic Emissions  
 
The fundamental goal of these CM methods is to provide a means for the early 
detection of faults, and to track the progression and severity of the detected, 
developing faults. The obvious benefits of this and the adoption of condition based 
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maintenance management practices would include higher asset reliability; reduced 
maintenance related costs and reduced pollution and running costs. 
 
2.1.1 Cylinder Pressure Based Methods 
Combustion is the fundamental element of engine operation as all the other aspects 
associated with engine operation are in some way linked to combustion related 
characteristics. For example, performance orientated factors such as generated 
power, fuel efficiency and exhaust emissions are all determined by combustion 
process characteristics. Engine reliability is also directly linked to the combustion 
process as combustion directly affects the thermal and mechanical stresses, 
corrosion and wear experienced by engine components. 
 
Cylinder pressure measurements provide the most direct means of analysing the 
combustion process and indeed, have been a key tool in engine research and 
development for many decades [17-18]. Early cylinder pressure measurement 
techniques involved the use of mechanical indicators which plotted the pressure-
volume curve on paper [18]. Modern cylinder pressure measurement techniques 
typically involve the use of piezoelectric sensors as they are small, light and have a 
high frequency response [19]. Parameters such as compression pressure, maximum 
firing pressure, indicated mean effective pressure, pumping mean effective pressure, 
maximum pressure rise rate and other more complex thermodynamic properties are 
all given by cylinder pressure measurements [20, 21]. Studies such as that detailed 
by Lapuerta et al. [22] highlight the use of thermodynamic parameters and cylinder 
pressure measurements for combustion diagnosis. 
 
In a CM context, cylinder and injection pressure measurements were used by 
Hountalas and Kouremenos [4] as input parameters that were used in a detailed 
thermodynamics based engine model to evaluate engine condition. In applying the 
method to a large two-stroke marine Diesel engine, the authors [4] were able to 
diagnose a series of causes responsible for poor engine performance that could not 
be detected using conventional instrumentation. Hountalas et al. [5] also propose a 
methodology for evaluating the compression condition and identifying compression 
related faults in Diesel engines based on cylinder compression pressure 
measurements taken during motored operation. 
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Although indispensable in research related fields, cylinder pressure measurements 
have been considered intrusive and often impractical in industrial or production 
settings due to the limitations or concerns associated with the required installation 
space, harsh operating conditions, reliability of installed sensors and instrumentation 
costs [17, 21]. Piezoelectric cylinder pressure sensors have however, recently been 
integrated into Diesel engine glow plugs and have been used in engine control 
systems for the regulation and control of combustion, fuel injection timing, exhaust 
gas recirculation and turbo-charger operation [23].  
 
2.1.2 Crank-Angle Measurement Based Methods 
Techniques involving measurements of angular speed have been used across a broad 
range of control and CM applications [24] however a great deal of research interest 
has previously been generated regarding the use of these techniques in ECM 
applications. ECM techniques utilising crank-angle measurements are based on the 
measurement of the small variations in angular speed and acceleration experienced 
by the crankshaft due to the rapid variations in cylinder pressure occurring in the 
individual cylinders during engine operation. The direct relationship between crank-
angle speed fluctuations experienced by the crankshaft and the variations in cylinder 
pressure has been used to indirectly measure engine torque [25-27] and cylinder 
pressure [28-30].  
 
As an example, in an investigation featuring the use of a Diesel engine, Brown and 
Neill [28] demonstrated a technique to indirectly measure individual cylinder 
pressures based on crank-angle speed fluctuations. The analysis of crank-angle 
speed data was categorised by Brown and Neill [28] as being either model based or 
library based. Brown and Neill [28] describe model based approaches as using a 
mathematical model of the engine, drive-train and load to provide a detailed insight 
into the “physical mechanisms responsible for crankshaft angular velocity 
fluctuations”. The library based approach was described by Brown and Neill [28] as 
involving the collection of measured crank-angle speed fluctuation data that 
corresponds to known engine conditions to form a “knowledge base”. In the 
investigation by Brown and Neill [28], a library based approach was adopted 
whereby a pattern recognition technique was used to predict an “under-fuelling” 
fault induced into a six cylinder, two-stroke Diesel engine. The use of a model based 
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approach has been demonstrated by Citron et al. [31]. In this work a four degree-of-
freedom dynamic model of the engine and drive-train was developed and the 
measured crank-angle speed data used as input to calculate total torque and pressure 
torque fluctuation waveforms as well as the pressure torque, and cylinder pressure 
waveforms. 
 
In more recent investigations pertaining specifically to Diesel ECM and fault 
detection, Yang et al. [32] present a dynamic model which was used to generate 
instantaneous angular speed fluctuation ratio and instantaneous angular speed 
waveforms. During the experimental phase of the investigation a fault diagnosis 
method using the IASFR was used to detect a fuel leak in one of the high pressure 
fuel lines in a small four cylinder engine. As described by Yang et al. [32], the fault 
diagnosis method used was sensitive to Diesel engine faults that affect the gas 
pressure in the cylinders. A model based approach for detecting combustion related 
faults in large Diesel engines has also been demonstrated by Desbazeille et al. [15]. 
In this study, a large 20 cylinder 200 litre Diesel engine was dynamically modelled 
and an automated fault diagnosis system was then proposed based on the use of 
neural networks.  
 
The detection of misfire using instantaneous crank-angle velocity (ICAV) 
measurements has also been demonstrated. For example, Tinaut et al. [33] point out 
that there are two main approaches used for crank-angle based detection of misfire. 
The first of these is categorised by Tinaut et al. [33] as being “based on the 
evaluation of the instantaneous angular velocity signal without using an engine 
model”. Tinaut et al. [33] mention that many of the proposed methods give good 
results at low engine speeds however due to the lack of an engine model fail to take 
inertia effects into consideration at higher speeds. The second main misfire detection 
approach is also described by Tinaut et al. [33] as being “the model based 
techniques, which use a dynamic engine model to estimate indicated torque or in-
cylinder pressure”. With respect to these techniques, Tinaut et al. [33] point out that 
many of these methods are “complex and require high calculation capacity”. Tinaut 
et al. [33] go on to propose a misfire detection algorithm that utilises an energy 
based engine model. Two dimensionless energy indexes were extracted and used to 
evaluate changes in kinetic energy during the compression and expansion strokes in 
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each cylinder. This approach is described by Tinaut et al. [33] as being able to 
correctly diagnose faults in engines operating under transient conditions and at 
higher engine speeds whilst requiring less calculation capacity compared to other 
model-based methods. 
 
As highlighted in the studies discussed above, crank-angle measurement based 
monitoring techniques possess many advantages. General advantages listed by 
various Authors include; using existing crankshaft and camshaft sensors and not 
requiring extra instrumentation [33, 34]; being non-intrusive and reliable [32]; being 
easily installed and in-expensive [35] and being easily implemented for production 
[35]. Another major advantage of this technique is the ability to monitor torque 
contributions from individual cylinders as well as the overall power balance of the 
engine [31].  
 
The main disadvantage associated with engine monitoring techniques utilising 
crank-angle measurements is that these techniques are limited to the detection of 
faults that are either directly related, or are severe enough to affect the torque 
contributions of individual cylinders. This point is highlighted by Brown and Neill 
[28] when they state that “the condition to be quantified must have a measurable 
effect on the observed angular velocity fluctuations”. It is also pointed out that 
although combustion condition can be monitored directly, crank-angle based 
methods are not able to identify specific component related faults [35]. 
 
2.1.3 Methods Based on Exhaust Gas Measurements 
Monitoring methods relying on exhaust gas measurements can be divided into those 
that measure exhaust gas constituents; those that use temperature readings; and 
those that measure exhaust gas pressure. Exhaust gas monitoring has been a critical 
aspect of engine related research and development for a number a decades and has 
to a large degree, been driven by the need to control exhaust gas emissions. As a 
consequence exhaust gas monitoring sensors, particularly Nitrogen oxide sensors, 
are widely used for closed-loop three way catalytic-converter emissions control [36] 
and have been investigated and described by Authors such as Satake et al. [37] and 
Riegel et al. [38]. Engine monitoring methods based on measurements of exhaust 
gas temperature are also well established and have been investigated for the 
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detection of knock [39] and the detection of combustion and fuel system related 
faults with particular monitoring applications including; cylinder power balance, 
timing, air/fuel ratios and fuel quality [21]. Exhaust gas temperature monitoring 
techniques can however, be susceptible to various instrumentation problems due to 
carbon build up on sensors and the influence of manifold dynamics [21]. 
 
Monitoring methods relying on exhaust gas pressure measurements have also been 
successfully applied in combustion monitoring roles with a particular focus on the 
detection of misfire in spark-ignition (SI) engines. This focus on misfire in SI 
engines stemmed from the introduction of catalytic converters and the associated 
need to comply with various legal requirements [40, 41]. Examples of proposed 
diagnosis methods include one detailed by Chiavola and Conforto [42] for a four 
cylinder SI engine based on both time and frequency domain processing, and those 
by both Ceccarani et al. [43] and Willimowski and Isermann [44] for SI engines 
having V12 engine designs.  
 
In a more recent study, Jiang et al. [14] summarised exhaust based monitoring 
methods such as those mentioned above as having shown “very promising results 
for (the) combustion diagnosis in regards to misfire detection”, however Jiang et al. 
[14] point out that some concerns exist regarding data reliability and the effects 
from acoustic reflections and standing waves within the exhaust system. In 
addressing these concerns, Jiang et al. [14] detailed the development of an acoustic 
model for the exhaust system which was in turn, used in the development of a 
combustion monitoring method.  This approach was tested experimentally using a 
small four cylinder direct injection (DI) Diesel engine operated under normal and 
faulty conditions. The induced faults included both, incorrect injector discharge 
pressures, and increased exhaust valve lash. The experimental results were reported 
by Jiang et al. [14] as showing that the two induced faults could be “accurately 
detected, localised and differentiated by using the local deviations in the 
waveforms”. 
 
2.1.4 Trbological Methods 
As mentioned by Johnson and Spurlock [45-49] in their overview, tribological 
condition monitoring techniques, commonly referred to as oil analysis, were first 
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used for condition monitoring in a systematic fashion by the railroad industry in the 
U.S.A. soon after the Second World War. Oil analysis techniques then developed 
rapidly and by the mid 1950’s oil analysis methods were being used by the U.S. 
Navy to monitor jet engines [45]. Oil analysis methods are now widely used to 
monitor hydraulic plant, gas turbines, reciprocating engines, gearboxes and a host of 
other plant and are generally considered to be a mature technology with proven 
condition monitoring and fault diagnosis abilities. Jiang and Yan [50] highlight the 
wide acceptance of oil analysis methods for engine monitoring specifically, by 
mentioning that oil analysis is the most widely used condition monitoring method 
for Diesel engines. 
 
Oil analysis methods were classified by Jiang and Yan [50] as belonging to one of 
three categories; concentration analysis, debris analysis methods or lubricant health 
analysis methods. Concentration analysis and debris analysis methods aim to 
characterise the location and type of wear occurring, based on debris present in the 
lubricant with the most important parameters being quantity, size distribution, 
morphology and composition [51]. Lubricant health analysis aims to ascertain the 
condition of the lubricant itself by assessing lubricant qualities such as viscosity, 
neutralisation number, contaminant levels and the degree of oxidization. Specific, 
commonly used methods include magnetic plug inspection, blotter spot test, 
spectrographic analysis, ferrography, X-ray fluorescence and thin-layer 
chromatography [51].  
 
Although Oil analysis methods are considered to be a mature technology, a number 
of recent investigations have been undertaken regarding their use in automated fault 
detection systems. As examples, Macian et al. [2] proposed a prototype fuzzy expert 
system for oil analysis based Diesel engine fault diagnosis whilst Morgan et al. [3] 
utilised a combination of the self organising map and the K means algorithm to 
classify potential faults. Morgan et al. [3] also point out that the development of 
computer hardware and compact spectrometry equipment has “allowed on-line and 
‘pseudo on-line’ oil analysis to be carried out on-board ships with a change in 
perspective from purely expert systems to more data-centric approaches”.  
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Although Authors such as Liu et al. [52] have demonstrated online oil analysis 
based monitoring for large marine Diesel engines, the major limitations associated 
with the use of oil analysis based techniques continue to be the predominant off-line 
nature of the analysis, time and expense associated with the collection and 
examination of samples, and the inability to monitor components or regions of the 
engine that are not subject to lubricant flow. 
 
2.1.5 Air-Borne Acoustics Based Methods 
Investigations pertaining to the examination of noise emitted by Diesel engines can 
be traced back for a number of decades. As examples, Fielding and Skorecki [53] 
studied the contribution to Diesel engine noise made by piston slap whilst Priede 
[54] identified combustion related pressure rise as the main cause for emitted engine 
noise. The investigation of acoustic measurements in a Diesel ECM context 
however, is relatively recent with Gu, et al. [55] listing the progress and 
development of acoustic instrumentation and signal processing techniques as the 
impetus for the recent research interest. 
 
Gu and co-workers [55-56] undertook an investigation which involved both; 
simulation of the sound generated by a Diesel engine using a model based on the 
combustion process; and the inducement of injector faults into a small four-cylinder 
Diesel engine. The simulation showed that although sound from a multi-cylinder 
engine is “dominated by the firing frequency and its harmonics” it also contains 
high frequency impulses near the top-dead centre positions. Gu and co-workers [55-
56] also found that lower frequency sound (below 10 kHz) was distorted by the 
acoustic characteristics of the environment but sound above 10 kHz gave a good 
representation of the combustion process. Gu and co-workers [55-56] summarise 
their findings by mentioning that the experimental testing showed that when using 
the continuous wavelet transform, the “location of different faults, their influences 
upon combustion and the ability to distinguish between them” could be obtained. 
 
In more recent work, Li et al. [12] applied independent component analysis to 
acoustic signals and found it to be an effective tool in the identification of 
combustion and valve related noise sources. In a subsequent study Li et al. [57] used 
a self organising map neural network to perform the feature extraction task from a 
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Diesel engine operated under normal conditions, and with increased inlet and 
exhaust valve-lash clearances. Li et al. [57] used statistical and spectral methods to 
process the extracted feature information and the results showed that the technique 
detailed was able to reveal the operating condition of the engine. Albarbar et al. [13] 
also used independent component analysis to decompose signals recorded from 
three microphones located near one of the fuel injectors of a small Diesel engine. In 
this work, it was reported that the approach detailed “decomposes the air-borne 
acoustic signals into their sources such as combustion, piston slap, valve motion and 
fuel injection processes”.  
 
Albarbar et al. [13] briefly lists the general obstacles that have been encountered 
with the use of air-borne acoustic engine monitoring techniques. The obstacles listed 
were; background noise contamination, number engine related sources, overlap and 
interference of engine related sources, and the lower energy level associated with 
events like fuel injection being buried or corrupted by higher energy events and/or 
background noise. In addition, Li et al. [57] points out that minor (or incipient) 
faults often have little impact on the overall engine structure and are unlikely to 
contribute significantly to overall noise levels.  Li et al. [57] also points out that 
Diesel engines are particularly affected by random noise sources which exist in most 
machinery. 
  
2.1.6 Vibration Based Methods 
The detection and control of engine knock in SI engines is probably the most widely 
recognised application of vibration based engine monitoring. Numerous investigations 
have detailed the detection and control of knock using vibration based methods such 
as; pattern recognition techniques [58-59], parametric models [60] and wavelet 
analysis [61]. Although widely adopted for SI knock detection, vibration based 
monitoring methods remain under utilised in Diesel engine condition monitoring 
roles. The background to this situation is highlighted by Goldman [62] when he 
details that although CM methods based on vibration measurements have been 
instrumental in the wide adoption of predictive maintenance regimes, application of 
these CM methods to engines however is complicated by added signal complexity. 
This added signal complexity is due to factors such as; impact excitations, time 
varying transfer properties and the non-stationary nature of the recorded vibration 
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signals [63]. As a consequence, the use of classic spectral analysis based rotating 
machinery monitoring methods have been widely viewed by researchers such as 
Antoni and co-workers [10, 64]  and Liu and Randall [65] as ineffective or limited 
when applied to reciprocating internal combustion  (RIC) engines. 
 
The sources of vibrations in Diesel engines have been attributed to combustion, piston 
slap, fuel injection and valve operation [7, 63]. In addition, Antoni et al. [10] also lists 
the “rocking and twisting of the engine block on its supports due to the action of 
inertial forces” and the impacts due to clearances associated with the crankshaft and 
piston (gudgeon) pin bearings as other sources of vibration in engines. Many of these 
sources of vibration are associated with events that occur within a small crank-angle 
window near piston top-dead centre (TDC) and Antoni et al. [10] indeed  point out 
that the overlapping vibration signatures from these events presents a major difficulty 
in the  analysis of engine related vibration signals. This is emphasised by Antoni et al. 
[10] when they point out that the impulse response for a typical engine structure lasts 
for a few milliseconds, which for an engine operating at 1500rpm, translates to a 
crank-angle window that is greater than 10˚ in length.  
 
The obstacles posed by the source separation issue have led to a considerable 
number of investigations that focus on the development and application of source 
separation techniques. As an example, Badawi et al. [7] investigated the use of a 
technique whereby vibration signals recorded from a single accelerometer on a 
small single-cylinder Diesel engine were separated using segmentation independent 
component analysis and vibration due to valve operation, fuel injection, combustion 
and piston slap were identified. Badawi et al. [7] also identified gas dynamics as 
contributing to engine vibration.  
 
Other recent studies to address the source separation issue include those by Liu and 
co-workers [65, 66] who applied blind source separation techniques to vibration data 
recorded from a small four-cylinder Diesel engine operating under both normal and 
faulty conditions. Liu and Randall [65] concluded that “reasonable results were 
obtained for fuel injection, piston slap and combustion pressure variations” whilst in 
a subsequent investigation, Liu et al. [66] reported that three sources; interpreted as 
piston slap, cylinder pressure change due to piston motion and cylinder pressure 
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oscillation due to combustion, were obtained. Liu and co-workers [65, 66] also 
reported that recovered pressure could be considered as two distinct sources; a low 
frequency component associated with piston movement and a high frequency 
component associated with combustion.  
 
Numerous investigations have also been undertaken where a variety of Diesel 
engine faults have been diagnosed using a combination of methods. For example, 
qualitative comparisons of crank domain plots of vibration, ultrasonic and pressure 
data were undertaken by Long and Boutin [67] in a case study showing the signal 
characteristics of a range of Diesel engine faults, while Chandroth et al. [68, 69] 
detail the development of an artificial neural network based Diesel engine fault 
diagnosis system. Long and Boutin [67], highlight the appearance of various signal 
features using a combination of measurands that relate to a broad range of Diesel 
engine faults such as cylinder liner scuffing, piston slap, injection related faults, 
valve related faults, worn piston rings, collapsed lifter and incorrect valve-lash. 
 
Chandroth et al. [68] used three different feature extraction techniques to develop 
artificial neural network based Diesel engine fault diagnosis system. The three 
feature extraction techniques; domain expertise, wavelet analysis and principal 
components analysis were used to detect injector related faults and leaking valves. 
Chandroth et al. [68] described the three feature extraction techniques as “exhibiting 
a high degree of accuracy” however; the wavelet technique was reported as yielding 
the best results. Various other researchers have also investigated advanced Diesel 
engine fault detection and diagnosis using techniques such as; rough sets theory [8, 
70], non-linear analysis [71], Fourier and time-frequency analysis [72], empirical 
mode decomposition [73], Hillbert spectrum analysis [74], Wigner-Ville 
distributions [6, 63, 75] and the Kullback-Leibler distance approach [76]. These 
studies have to varying degrees of success, demonstrated the detection of incorrectly 
adjusted valve-lash, misfire, piston slap, injector faults and worn piston rings.  
 
Cylinder pressure reconstruction using vibration signals has also been detailed by 
authors such as Gao and Randall [77]. In this work, Gao and Randall [77] developed 
and applied a time-domain smoothing technique to reconstruct cylinder pressure 
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traces from a single cylinder four-stroke Diesel engine. In other work pertaining to 
cylinder pressure trace reconstruction from vibration signals, Antoni et al. [64] 
address and discuss the feasibility of using vibration signals for cylinder pressure 
trace reconstruction by means of inverse filtering. In their remarks on the 
“observability of the pressure trace”, Antoni et al. [64] mention that, as most 
vibration measurements taken from engines are taken using measurements of 
acceleration, “it is theoretically not possible to recover the actual magnitude of the 
pressure trace”. As pointed out though, this issue can be easily corrected for [64]. As 
part of their conclusions, Antoni et al. [64] highlight the two major difficulties 
associated with their work.  
 
The first major difficulty mentioned was the poor conveyance of the low frequency 
energy associated with the pressure signal, to the vibration signal. This was 
explained by Antoni et al. [64], as being due to the majority of the pressure trace 
energy being contained below a few hundred Hertz whilst vibration signals 
generally contain very little energy in this frequency range due to the rigidity of the 
engine structure. The second major difficulty mentioned by Antoni et al. [64] was 
the corruption of the vibration signals by “non-negligible additive noise such as 
piston slap and inertial forces”. Antoni et al. [64] however, showed that the 
difficulties mentioned above could be negated using the proposed cylinder pressure 
reconstruction method. Although vibration based Diesel engine fault detection and 
pressure trace reconstruction techniques have been successfully demonstrated, a 
number of general difficulties continue to be identified with their use. In addition to 
the previously outlined issues related to event overlap and the non-stationary signal 
nature, researchers such as Steel and Reuben [16], Kim [17] and Douglas [21] have 
identified vibration signals as having lower signal-to-noise ratios (SNR) when 
compared to AE signals. 
 
2.1.7 Acoustic Emission Based Methods 
It is generally recognised that AE methods have been successfully used for many 
years for non destructive testing applications however the field of research regarding 
the use of AE for engine monitoring is relatively new. The earliest investigation 
regarding the viability of AE based ECM was probably undertaken by Gill et al. 
[78] in the late 1990’s. In this study, a preliminary investigation highlighted the 
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potential use of AE in ECM roles by demonstrating the detection of misfire and 
reduced injector discharge pressure using recorded AE signals. The study by Gill et 
al. [78] was soon followed by a comprehensive study undertaken by Fog et al. [79-
81]. Results detailed by Fog et al. [79-81] demonstrate a successful AE based 
method for detecting exhaust valve leakage and cylinder misfire in a large two-
stroke marine Diesel engine. It was found that the measured AE root mean square 
(RMS) signals contained more information concerning valve and injector operation 
than either pressure, temperature or vibration data.   
 
A key aspect of the investigations undertaken by Fog and co-workers [79-81] 
involved the automation of the fault diagnosis process. Fog et al. [79-81] employed 
principal components analysis for dimensionality reduction and feature extraction, 
and faults were classified with a feed forward neural network. Many other 
subsequent investigations involving the use of AE signals in automatic classification 
of Diesel engine faults have been undertaken and indeed automated fault 
classification can be considered a major Diesel engine monitoring research theme. 
Other major themes to have emerged in addition to the automated fault classification 
theme are; signal mapping, source location and reconstruction, and signal 
characterisation. 
 
Other examples highlighting the automated fault classification theme include 
Sharkey et al. [82, 83] who combined artificial neural network to form a multi-net 
fault diagnosis system using cylinder pressure, vibration and AE sensor data to 
classify valve and injector faults. It was reported that benefits of using multiple 
measurands in a multi-net fault diagnosis framework included sensor failure 
tolerance and an improvement in performance over the best performing single sensor 
artificial neural network [82, 83]. In a similar vein, other researchers such as Frances 
et al. [84] have investigated the use of AE in the detection of injector faults as well 
as exhaust manifold gasket leaks using wavelets analysis and statistical features 
whilst Pontoppidan and co-workers [85, 88] investigated the use of AE signals for 
the unsupervised detection of lubrication regime changes between the ring-pack and 
cylinder liner in large Diesel engines using both principal components analysis and 
independent component analysis.  A classifier that incorporated a physical model of a 
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crank-slider mechanism has also been used for the detection of exhaust valve and 
misfire faults in a large two-stroke marine Diesel engine [89]. 
 
Although earlier researchers such as Fog [79] had identified the need to include a 
priori knowledge concerning the operation of the engine into timing maps to 
correlate or “map” AE signals to mechanical events, it was the study by El-Ghamry 
et al. [90] - in which the mapping task on AE signals from three different types of 
reciprocating machinery was automated - that resulted in the emergence of the 
second major Diesel engine monitoring research theme. El-Ghamry et al. [90] 
pointed out that the approach of using automatically isolated portions of the 
measured AE signals associated with specific mechanical events “relaxed the 
numerical intensity of the signal processing required for fault diagnosis”. It was also 
pointed out that when mapped, it is possible to monitor different mechanical events 
in the signal at the same time given that the effects from the monitored events are 
localised in the signal [90].  
 
The third research theme - source location and reconstruction - emerged when 
Nivesrangsan and co-workers [91- 95] approached the identification and location of 
AE sources in both small and large Diesel engines from a wave propagation 
perspective. Nivesrangsan et al. [91- 93] developed “spatial reconstitution methods” 
whereby a simplified wave attenuation model was developed and used along with 
AE signal mapping techniques to reconstitute decomposed multi-source signals 
recorded using an array of AE sensors. In addition, Nivesrangsan et al. [91- 94] also 
detail AE source location using established velocity-based source location 
techniques as well as an AE energy-based method. The velocity-based technique 
was found to be successful for single source signals, while an energy-based method 
was found useful for multiple source signals.  
 
The body of research by Nivesrangsan et al. [91- 94] probably represents the first 
detailed application of AE source location techniques to RIC engines and highlights 
the complexity of AE wave propagation in engine structures. Further investigations 
by El-Ghamry et al. [96], detail the indirect reconstruction and measurement of 
cylinder pressure from both small and large Diesel engines whilst Douglas et al. 
[97] investigated non-invasive cylinder-by-cylinder performance monitoring using 
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AE and ICAV measurements. These studies suggest that in addition to CM roles, 
AE based methods could also be applied in a performance or combustion monitoring 
context. 
 
As an example of the fourth major research theme - signal characterisation - Elamin 
and co-workers [98, 99] investigated AE signal characteristics from faulty Diesel 
fuel injectors [98] and incorrect valve-clearance [99] whilst Frances et al. [100] 
undertook a study that sought to analyse the statistical variation of recorded AE 
signals. In another example, Douglas and co-workers [21, 101] undertook extensive 
studies on both small and large Diesel engines regarding the generation of AE from 
the interface between the piston ring-pack and the cylinder wall. Douglas and co-
workers [21, 101] found that the AE measured from small high speed direct injection 
(HSDI) engines was proportional to piston speed but varied little with load. It was 
suggested that boundary friction acting on the oil control ring was the most likely 
source for this AE activity. Based on tests using large two-stroke Diesel engines 
Douglas and co-workers [21, 101] found that the continuous AE activity observed 
around TDC, paralleled the cylinder pressure. Because of this, the AE activity was 
attributed to asperity contact and blow-by occurring in the interface between the ring 
pack and cylinder wall. It was also stated that the cyclically varying force exerted by 
the in-cylinder pressure influenced the resultant AE [101]. 
 
Other researchers that have also investigated various aspects of AE generation from 
the piston ring-cylinder wall interface include Kim and Lee [102], Singh et al. [103] 
and, Haq and Tamizharasan [104]. The study presented by Kim and Lee [102] 
focused on the development of a real-time diagnostic system for monitoring cylinder 
liner wear in large two-stroke Diesel engines using an artificial neural network. Kim 
and Lee [102] point out that scuffing is extremely difficult to predict as it is the 
result of a number of factors. Presumably, the factors referred to include the 
combined effects of friction and wear related mechanisms such as asperity 
deformation, wear particle abrasion, ploughing, adhesion, and micro-welding.  
 
Singh et al. [103] examined the effect that engine lubricant viscosity has on engine 
friction. Comparisons were undertaken between traditionally calculated parameters 
such as indicated power, brake power and friction power, and recorded AE signals. 
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Preliminary results rather tentatively showed that recorded AE was sensitive to the 
increased asperity contact associated with the use of lower viscosity engine oil. 
However, Singh et al. [103] acknowledged that further signal processing and 
analysis was needed. In their investigation, Haq and Tamizharasan [104] sought to 
apply AE based monitoring techniques to quantify piston ring wear rates by 
comparing measured piston ring wear with recorded AE. It was found that AE signal 
count correlated well with the measured piston ring wear. 
 
Many of the researchers referred to in the preceding paragraphs have reported that 
AE based engine monitoring methods have substantial advantages over other 
monitoring techniques. These advantages have been succinctly described by Steel 
and Reuben [16] and, in general terms, these AE related advantages include; high 
spatial and temporal fidelity; immunity to mechanical noise; being non-intrusive and 
having a direct association with operating and fault causing processes. Although AE 
based engine monitoring methods and the advantages mentioned represent 
substantial improvements regarding fault detection and condition monitoring ability 
over most of the other monitoring methods, there remain some key challenges that 
have so far prevented the wider adoption of AE based engine monitoring methods 
throughout industry.  
 
As stated by Sikorska and Mba [105], AE based machine monitoring technology has 
been “poorly adopted by industry despite a significant volume of work having been 
published over the last twenty years describing success in detecting numerous 
rotating and reciprocating machinery faults”. In addressing this situation further 
Sikorska and Mba [105] discuss both generic and application specific challenges 
associated with the adoption of AE based CM methods for rotating and 
reciprocating machines. The generic problems identified by Sikorska and Mba 
[105], were the inherently un-calibrated nature of AE measurements; the design of 
AE hardware and software favouring established NDT roles; the data volumes 
associated with recording raw AE signals; the computational power needed for real-
time data processing; the non-stationary nature of discrete and continuous machine 
related AE signals; variability in machine operating conditions and background 
noise.  
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The most concerning issue identified by Sikorska and Mba [105] related to AE 
based engine monitoring involved the discrimination of the various sources of AE. 
Other challenges identified by Sikorska and Mba [105] were signal smearing; high 
background signal levels and signal attenuation and mixing. 
 
2.1.8 Other Engine Monitoring Methods 
Due to the important role played by engine monitoring, it is not surprising that along 
with the methods detailed in the preceding sections, many other engine monitoring 
methods have been investigated, proposed, and detailed. Other engine monitoring 
methods used in a combustion or condition monitoring context have included; ion-
current based combustion monitoring and knock detection in SI engines [106] and 
indirect cylinder pressure measurement using strain gauge measurements from the 
cylinder head bolts or from sensors incorporated with the spark-plug [25]. As 
examples, non-intrusive cylinder pressure measurement using a “Spark-Plug-Boss” 
cylinder pressure sensor was detailed by Sellnau et al. [107] whilst Miyamoto et al. 
[108] undertook an investigation whereby the strain of the cylinder head bolts and 
displacements of the inlet valve stem and crankshaft end were measured due their 
close relationships with cylinder pressure. Miyamoto et al. [108] found that of the 
three different sets of measurements, accurate pressure indicator diagrams could be 
calculated using the strain variations recorded from the cylinder head bolts. 
 
 Ion-current methods are based on the use of the spark plug as an ionisation probe to 
detect the increase in ionisation associated with abnormal combustion [106]. Millo 
and Ferraro [106] report that the amount of ignition system modification required 
and concerns regarding the correlation of ion-current and cylinder pressure have 
prevented this method from being widely adopted and, in-fact Fleming [36], lists the 
production status of these sensors as being either limited or in the research and 
development stage depending on the intended function. A variety of torque 
measurement methods have also been proposed for engine monitoring and control 
applications. In his overview, Fleming [25] describes a number of these different 
torque measurement methods. The methods described include; measurements of 
torsional twist using strain gauge torquemeters; torsional twist measurements; 
torque-related permeability change detection using magneto-resistive sensors; load-
cell measurement of engine mount reaction forces; automatic transmission slip 
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speed measurement, and the crankshaft angle measurement and strain gauge based 
methods described previously. Fleming [25] concludes by mentioning that the 
limitations associated with various techniques include; implementation difficulties, 
complicated setups, low-accuracy, indirect parameter measurement, unreliable 
calibration and interference. 
 
2.2 Comparisons Pertaining to Acoustic Emission Based Engine Monitoring  
For successful adoption and implementation, a condition monitoring system should 
have a number of general attributes or characteristics. Ideally, an ECM system 
would provide an early indication of specific faults as well as a means to evaluate 
and trend the condition of the engine subsystem or component being monitored 
before engine performance becomes affected. In addition, the engine condition 
monitoring system would ideally be non-intrusive, reliable, relatively inexpensive 
and easily installed and implemented. Using these desirable characteristics as a 
benchmark it is possible to evaluate the previously discussed engine monitoring 
methods in terms of their associated merits and limitations.  
 
With the fault indication characteristic mentioned above in mind, it is interesting to 
note that many of the researchers detailed in the preceding sections have identified a 
close relationship between the techniques detailed and the combustion process. 
Cylinder pressure, crank-angle, air-borne acoustics, vibration and AE based methods 
in particular were highlighted as being able to provide information pertaining to the 
combustion process. It must be noted however that whilst combustion monitoring is 
an essential aspect of engine monitoring; many combustion related faults are the 
result of a gradual degradation of specific combustion related components. The 
ability of various methods to provide specific fault indication was addressed by Fog 
[79] during his study regarding the detection of leaking exhaust valve and misfire 
faults in large marine Diesel engines. Fog [79] summarised the monitoring 
capabilities from the five different sensors used during his investigation in a table. 
These summarised findings are reproduced as Table 2.1 and as seen, Fog [79] found 
that AE based methods rated highly regarding the ability to provide specific fault 
identification information.  
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In another comparison featuring AE, vibration and air-borne acoustics based 
methods, Douglas [21] points out that although AE, vibration and air-borne 
acoustics waves are generally produced by the same mechanisms, AE based 
methods are widely recognised as having a significantly higher SNR than either 
vibration or air-borne acoustics methods. This high SNR and the high damping 
characteristics associated with AE based methods are further highlighted by Douglas 
[21] as being responsible for the ability of AE based methods to “detect the 
degradative processes that lead to failure rather than the consequences”.  
 
The intrusiveness of monitoring techniques is also frequently mentioned by 
researchers as a major limiting factor in the widespread up-take of a given 
monitoring method. As was pointed out in Section 2.1.1, cylinder pressure 
measurements in particular have been widely classified as intrusive due to the extra 
combustion chamber access holes required for installation. Cylinder pressure 
measurements have also often been classified as lacking reliability due to the harsh 
operating conditions within the combustion chamber. 
 
Table 2.1: Summary of sensor capabilities from Fog [79] 
Sensor Capability 
 
Crank-angle 
encoder 
 
Crank shaft position 
Engine speed 
 
Accelerometer 
 
Limited valve condition information 
Monitoring of valve opening and closing 
 
Cylinder 
pressure 
 
Indication of combustion efficiency 
Engine power measurement 
 
 
AE RMS 
 
Monitoring of fuel injection  
Monitoring valve activity 
Valve leakage monitoring  
Monitoring  load dependant features 
Misfire detection 
 
Exhaust gas 
temperature 
 
Limited engine condition information 
Misfire detection 
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As was detailed in Section 2.1.2, various researchers categorised crank-angle 
measurement based monitoring techniques as possessing significant advantages in 
terms of method reliability, ease of installation, and associated costs. Indeed, these 
merits remain valid when comparisons are made against other engine monitoring 
methods including the air-borne acoustics, vibration and AE based methods. This is 
due to the simplicity and robustness of encoder related hardware and the well 
developed state of the art in terms of its application. When comparisons of method 
reliability, ease of installation, and associated costs are made between the air-borne 
acoustics, vibration and AE based methods, AE methods compare unfavourably due 
to the number of sensors needed, particularly for monitoring large engines, and the 
increased costs associated with AE data acquisition (DAQ) equipment. The relative 
merits and limitations of the various ECM methods detailed in the preceding 
sections are summarised below in Table 2.2 in terms of the ability of the ECM 
method to monitor developing faults in combustion related components.  
 
Table 2.2: Relative merits and limitations of ECM methods regarding the 
detection of combustion related component faults 
Engine 
Monitoring 
Method 
ECM System Attribute 
(H = high; M = medium; L = low) 
Component 
Related 
Specificity 
Early 
Fault 
Detection 
System 
Reliability 
Intrusiveness 
Level 
Overall 
System 
Cost 
Level of 
Industrial 
Acceptance  
 
Cylinder 
Pressure 
 
 
L 
 
L 
 
L 
 
H 
 
M 
 
H 
 
Crank –angle 
Measurements 
 
 
L 
 
L 
 
H 
 
L 
 
L 
 
H 
 
Exhaust Gas 
Measurements 
 
 
M 
 
L 
 
H 
 
L 
 
L 
 
H 
 
Tribological 
Methods 
 
 
M 
 
M 
 
H 
 
M 
 
H 
 
H 
 
Airborne 
Acoustics  
 
 
M 
 
M 
 
M 
 
L 
 
L 
 
L 
 
Vibration 
Measurements 
 
 
M 
 
M 
 
H 
 
L 
 
L 
 
H 
 
Acoustic 
Emissions 
 
 
H 
 
H 
 
M 
 
L 
 
M 
 
L 
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As Table 2.2 shows, established techniques using cylinder pressure, exhaust gas and 
crank-angle measurements are constrained in terms of their applicability in 
monitoring combustion related component faults as these techniques monitor fault 
related symptoms and are lacking with regards to component specific fault 
identification. In addition Table 2.2 highlights the limitations associated with 
tribological techniques, these being the off-line nature, the limited ability to monitor 
components or regions of the engine that are not subject to lubricant flow and the 
time and expense associated with sample collection and examination. Table 2.2 also 
shows that ECM methods based on AE measurements are capable of detecting a 
range of combustion related component faults and that AE ECM methods have 
substantial advantages with respect to being non-intrusive and having the ability to 
directly monitor fault causing processes. 
 
2.3 The Acoustic Emission Phenomenon 
Acoustic emissions, sometimes referred to as stress waves, have been defined by the 
International Standard; ISO 22096 [109] as: “structure-borne and fluid-borne (liquid, 
gas) propagating waves due to the rapid release of energy from localised sources 
within and/or on the surface of a material”. ISO 22096 [109] further describes the AE 
phenomenon as a spontaneous release of elastic energy in the form of transient elastic 
waves which manifest as waves on the surface of a material. Dr. J Kaiser is widely 
credited with having released the first comprehensive study of AE in 1950 [110] 
although the term “tin cry” was used during the 19th century to describe the acoustic 
emissions produced by working and deforming metal [110].  
 
2.3.1 Sources of Acoustic Emission  
Acoustic emissions are produced by almost all physical phenomena affecting solid 
materials [110]. These phenomena include both micro, and macro-scale processes. 
Micro-scale, AE producing phenomena include crack nucleation, dislocation slip and 
grain boundary sliding whilst macro-scale phenomena include friction, impact, crack 
propagation and component deformation. Table 2.3, adapted from [110-113] 
summarises the general sources of AE in metals and lists some typical mechanisms. 
Other sources of AE include de-lamination, breakage or separation of components in 
composite materials [112], realignment or growth of magnetic domains, phase 
transformations and fluid flows [110]. 
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Table 2.3: General AE producing sources and mechanisms in metals  
AE Sources Mechanism Details 
 
Deformation 
 
Dislocation generation 
Dislocation migration 
Dislocation relief 
Twinning 
Grain boundary slip 
 
 
Phase 
transformations 
 
Polymorphic transformations  
Precipitate formation in solid solutions 
Magneto-mechanical phenomena 
 
 
Cracking and 
Fatigue 
 
Accumulation of micro-defects 
Plastic strain 
Crack propagation 
Material creep 
Corrosion cracking 
 
 
Friction 
 
Impacts 
Elastic interactions 
Plastic deformation of surface asperities 
Surface layer damage 
Spalling 
Interaction of wear particles and surfaces 
Localised stress-strain changes 
Fatigue pit formation 
 
 
Dr Kaiser is also credited as the discoverer of the now commonly recognised 
irreversibility associated with AE phenomena [114]. This irreversibility, named the 
Kaiser effect, recognises that once an initial load has produced AE, a subsequent load 
must be larger if it is to generate another AE event even if the previous load was 
removed. The Kaiser effect however, has been found to vary between metals and may 
not even exist in some metals [111]. 
 
2.3.2 Acoustic Emission Signals 
The measurement of AE is normally undertaken using resonant piezoelectric-type 
sensors that generate a voltage which is proportional to the stress applied to the 
piezoelectric element due to the surface displacements experienced by the sensor. In 
addition to AE systems employing resonant piezoelectric sensors, AE measurement 
systems have also been developed using laser and optical fibre technologies [114].  
The schematic in Figure 2.1 shows the construction of a typical resonant 
 
 
Characterisation of Combustion Related Acoustic Emission Sources for Diesel Engine Condition Monitoring 
 34 
piezoelectric-type sensor whilst the detection of AE using a piezoelectric-type 
sensor is shown conceptually in Figure 2.2  
 
 
 
Figure 2.1: Schematic showing typical AE sensor construction [115] 
 
As seen in Figure 2.2 elastic energy released during an AE producing event 
generates elastic waves which propagate from the source throughout the material. 
These waves then travel on the surface of the material where they are measured by 
an AE sensor. 
 
 
Figure 2.2: Diagram showing the propagation and detection of AE waves [114] 
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Signals recorded by AE sensors can be broadly classed as being either discrete or 
continuous. Discrete or burst type AE signals are transient in nature and are 
distinguished by their short duration and increased amplitude over the threshold 
level of the signal. Continuous signals on the other hand, continue for extended 
periods and are the result of continuously occurring discrete AE producing events. 
The overall classification of AE as discrete or continuous is largely relative as it is 
dependant on the ability of the data recording equipment to capture individual AE 
events [110]. Individual energy releasing events such as those accompanying crack 
length changes during ductile fracture are typical AE burst signals whilst the 
ongoing signals recorded during the stable plastic strain period of  ductile crack 
growth produces continuous AE signals [110]. AE signals recorded from machinery 
however, typically consist of a combination of both burst, and continuous AE [115].  
 
2.3.3 Other Acoustic Emission Based Monitoring Applications 
AE based NDT methods are considered to be a mature technology and have been 
extensively used in a wide range of applications. For example, International 
Standard ISO 16148:2006 [116] provides a guideline for testing seamless gas 
cylinders whilst other Standards outline AE based NDT for the detection of 
corrosion [117] and for evaluating the structural integrity of fiberglass-insulated 
reinforced plastic booms used on elevating work platforms [118]. In addition AE 
based monitoring methods have been used to monitor other structures and processes 
such as; metal cutting and machining processes[119-122], bridge monitoring [123, 
124], and various manufacturing processes such as grinding, forming and welding 
processes [125, 126].  
 
AE based monitoring methods have also been applied to many types of rotating and 
reciprocating machinery. For example, AE based methods have been used to 
monitor the operating parameters of small turbine units [127], and incipient 
cavitation in centrifugal pumps [128]. AE based methods have also been 
documented in a condition monitoring or fault diagnosis context for the detection of 
faults in rotating machines, gearboxes and other plant [129] as well as rolling 
element bearing defects at normal speeds [130, 131], and at low speeds [132, 135]. 
Additionally, in one of the earliest applications of AE techniques to reciprocating 
machinery, Gill et al. [136] demonstrated the use AE signals to detect valve related 
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faults in a large reciprocating compressor having poppet-type valves similar to those 
used in internal combustion engines. 
 
2.4 Chapter Summary 
Chapter 2 elaborated on the continuing interest in ECM research mentioned in the 
opening chapter by providing an overview regarding the major established and 
emerging engine monitoring technologies. The main advantages and limitations 
associated with these engine monitoring technologies were described and a number 
of fundamental attributes were highlighted as being key constraints in terms of 
achieving the fault diagnosis capability necessary for the implementation of CBM. 
Utmost among these constraints were; monitoring the symptoms of faults rather than 
the fault causing mechanisms; a lack of specific fault identification capacity; sensor 
intrusiveness; prohibitive cost and a lack of sensor reliability.  
 
In addition, as part of the overview in Chapter 2, ECM methods utilising AE 
measurements were identified as a relatively recent development that has evolved 
from the well established AE based NDT field. Authors mentioned within Chapter 2 
have reported the successful detection of a broad range of combustion related faults 
and comparisons have suggested that many of the key constraints identified could be 
successfully addressed using AE based ECM techniques. Indeed, as pointed out 
within Chapter 2, many researchers have reported that AE ECM methods have 
substantial advantages over other more established ECM methods with respect to 
the ability to directly monitor fault causing mechanisms, signal fidelity, noise 
immunity and being non-intrusive.  
 
Whilst the advantages mentioned possibly represent substantial improvements in 
fault detection potential over other monitoring methods, it was also recognised 
within the overview that major challenges remain in the development of AE based 
ECM methods.  In terms of monitoring engines, these obstacles were the difficulty 
in identifying AE from multiple combustion related sources; the non-stationary 
nature and variability of engine related AE signals; the large AE data volumes and 
computational power needed for real-time monitoring and the un-calibrated nature 
of AE measurements. 
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Chapter 3 
 
 
Combustion Related Diesel 
Engine Components, Faults 
and their Acoustic Emission 
Signal Features 
 
 
 
 
 
 
 
 
 
 
Chapter 3 begins by providing an overview regarding the propagation of AE waves 
within engines. Chapter 3 continues by reviewing and briefly detailing the various 
steps needed for the interpretation of engine related acoustic emission signals.  
Subsequent sections of Chapter 3 then highlight the operation of combustion related 
components as sources of AE by presenting an overview in which the individual 
combustion related component groups – namely fuel injectors, inlet and exhaust 
valves, and the piston/cylinder wall interface – are described in terms of function 
and underlying fault mechanisms and are also reviewed as sources of AE activity. 
The final part of Chapter 3 then presents an overview regarding abnormal 
combustion and the ability of the combustion process itself to generate AE activity.  
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3.1 Propagation of Acoustic Emission in Diesel Engines 
As was detailed in Chapter 2 acoustic emissions are produced by physical phenomena 
such as friction, impacts, crack propagation, component deformation and fluid flows, 
all of which are associated with normal engine operation. These AE generating 
phenomena result in the propagation of AE waves that radiate from the source in all 
directions as compression, shear and Lamb waves which combine and propagate on 
the surface of the material as Rayleigh surface waves [21, 105]. As an AE wave 
propagates from its source, the amplitude associated with the wave decreases as the 
distance traveled increases. This AE wave attenuation has been attributed to four 
mechanisms [91]; geometric spreading of the wave-front, internal friction, attenuation 
from scattering and diffraction, and attenuation from wave dispersion.  
 
The attenuation attributed to the geometric spreading of the AE wave-front occurs as 
the fixed energy of the AE wave is distributed over the expanding wave-front 
geometry. Assuming the law of conservation of energy holds true and the energy 
associated with the wave remains constant it has been shown that the wave amplitude 
will decrease inversely with distance in three-dimensional solids and inversely as the 
square root of the distance in two-dimensional structures [91]. Attenuation attributed 
to the geometric spreading of the AE wave-front has been described as being 
dominant close to the AE wave source [21]. 
 
The attenuation due to internal friction occurs as a consequence of the mechanical AE 
wave energy being converted into thermal energy due to particle motion within the 
material [91]. This internal friction attenuation results in the AE wave amplitude being 
attenuated exponentially with distance and becomes the dominant attenuation 
mechanism at greater distances from the source [21]. Attenuation from scattering and 
diffraction results when AE waves propagate through structures that have intricate or 
complex geometries and contain features such as slots, holes and internal cavities [21, 
91].  Scattering and diffraction effects result in a decrease in wave amplitude with 
distance although localised constructive or destructive interference effects can exist 
[21, 91]. The attenuation due to wave dispersion occurs when the different frequency 
components of the wave propagate through material at different velocities thus even if 
the wave energy remains constant, there is a reduction in amplitude [91]. 
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AE that originates in, and propagates through engines is typically very complex as 
engines are composed of numerous individual components each of which may feature 
intricate or complex geometries containing a multitude of features such as slots, holes, 
discontinuities and liquid filled internal cavities. These features result in AE wave 
propagation that is affected by reflection, refraction, mode conversion and attenuation, 
all of which combine to distort propagating AE as it travels from its sources to the AE 
sensors positioned on the external surface of the engine.  
 
In addition, engine operation typically generates numerous, sometimes overlapping 
sources of AE. These include impacts occurring from exhaust and inlet valve 
operation; piston slap; the impacts occurring as a consequence of injector and fuel 
system operation; the friction between the piston, piston rings and the cylinder wall; 
shock loading from combustion; the fluid flows associated with both the gas exchange 
processes and high velocity fuel flow through injector nozzles; and the operation of 
numerous ancillary components attached to the structure of the engine. As a result, AE 
signals from engines can be categorised and described as a representation of the 
original source excitation which still contains significant information of interest 
regarding different sources of AE activity [21].  
 
The complex mix of overlapping AE sources, and the distorted propagating AE waves 
in engine related AE signals typically results in signals that are a combination of both 
burst, and continuous AE. This mix of burst and continuous AE as occurs in engine 
related signals is highlighted by Figure 3.1. As seen, Figure 3.1 (a) shows a mixed AE 
signal resulting from the combination of discrete and continuous AE while Figure 3.1 
(b) shows a small portion of a mixed AE signal showing numerous burst and 
continuous AE events recorded from an engine.  
 
3.2 Interpreting Engine Related Acoustic Emission Signals   
The AE signals recorded from Diesel engines are typically classified as time-series 
data that is highly non-stationary [21, 79] with the non-stationary nature of the 
recorded AE signals being due to the combination of variations in rotational engine 
speed, and the crankshaft torque variations that result from the individual torque 
contributions of each engine cylinder.  A typical example of “raw” AE time-series 
data is shown in Figure 3.2. As can be seen the AE signal has been acquired with a 
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synchronously recorded TDC reference signal which in this case indicates the points 
at which the piston in cylinder 1 reaches the top of its stroke.  
 
 
        (a)          (b)  
 
Figure 3.1: Burst, continuous and mixed AE signals (a); and (b) AE recorded 
from an engine [21]  
 
 
Figure 3.2: Plot showing AE time-series data with a synchronously recorded 
TDC reference signal recorded using a 1 MHz sampling rate 
 
The zoomed window in Figure 3.2 highlights a portion of the recorded signals that 
corresponds to one individual complete engine cycle. As shown, the TDC pulse 
labeled TDC 1 denotes the commencement of the engine cycle which in this instance 
is defined as the commencement of the intake stroke. As the signals shown in Figure 
 
 
Chapter 3: Combustion Related Diesel Engine Components, Faults and their Acoustic Emission Signal Features 
 41  
3.2 were recorded from a four-stroke engine, the four parts of the engine cycle 
require two complete revolutions of the crankshaft to complete. Therefore, as shown 
in Figure 3.2, the intake and compression strokes occur during the first rotation of the 
crank-shaft between the TDC pulses labeled TDC1 and TDC 2 whilst the power and 
exhaust strokes occur during the second crank-shaft rotation between the TDC pulses 
labeled TDC 2 and TDC 3. 
 
Other signals such as cylinder pressure and crank-angle encoder signals are also 
often recorded with AE signals for comparison or reference purposes. Whilst TDC 
signals are used to provide an indication of when a reference piston reaches the top 
of its stroke, encoder signals are acquired to provide an angular measure of the 
rotational position of the crankshaft. Cylinder pressure signals can also be recorded 
in conjunction with AE signals during experimental investigations as they are often 
useful as combustion indicators and for the interpretation and identification of other 
engine cycle features [79]. Reference signals such as TDC, encoder and pressure 
signals are widely used to interpret and further process the measured AE signals. 
Interpretation of AE signals typically includes the truncation of AE signals in terms 
of individual engine cycles in order to present the AE signals in terms of crank-angle.  
This signal processing step allows AE signals to be analysed with regards to the 
events that are known to occur at fixed points within the engine cycle. 
 
A data processing step whereby encoder signals are used to re-sample recorded time-
series AE data in terms of crank-angle has been previously detailed [21, 79, 87]. 
Essentially, the technique documented used those signal values that corresponded to 
individual encoder pulses to produce AE signals that had the same number of data 
points in each engine cycle regardless of the operational settings of the engine. Fog 
[79] mentions that this signal processing approach results in signals which are 
stationary, however as Pontoppidan [87] points out, this is only applicable when the 
management system of the engine does not automatically adjust the timing of events 
such as fuel injection or valve actuation. In order to reduce data size and enable AE 
data to be recorded using lower sampling rates, AE signals are often converted into 
AE RMS signals before being digitised and recorded. The resultant AE RMS or AE 
energy (AEE) signals, as they are sometimes called, preserve signal energy however, 
much of the time and frequency information is lost [85].  
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Once presented in terms of crank-angle, a priori knowledge concerning the timing of 
events associated with engine operation can be included by way of the previously 
mentioned timing maps. The data incorporated in this way most often includes the 
timing of the opening and closing of the inlet and exhaust valves and the operation of 
the fuel injectors.  As an example, Figure 3.3 from Fog et al. [80] shows AE RMS 
recorded from a large two-stroke marine Diesel engine plotted with respect to crank-
angle. As seen, the crank-angle timing values for the opening (XVO) and closing 
(XVC) of the exhaust valve and the start (IJS) and end (IJE) of fuel injection have 
also been included.  
 
 
Figure 3.3: Plot of AE RMS from a large marine Diesel engine incorporating timing 
values for fuel injection and valve operation [80]  
 
AE signals from a wide variety of Diesel engines have been presented by numerous 
researchers. The engines featured in these studies have operated using both two-stroke, 
and four-stroke cycles and have ranged in displacement from a few litres, up to many 
thousands of litres. Perhaps not surprisingly, it has been widely acknowledged that 
various features and characteristics of recorded AE signals can vary substantially due 
to the size and design of the engine from which the AE signals were recorded.  
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For example, uunlike the individual, easily distinguished features seen in Figure 3.3, 
Gill et al. [78, 139] point out that AE signals recorded from four-cylinder high speed 
Diesel engines show “four distinct series of events” that were identified as 
corresponding to the injection and combustion processes and mechanical events 
occurring in each of the four cylinders. It is worth noting that this ccomparison 
between AE from a large two-stroke and small high-speed four-stroke engines 
emphasises the previously mentioned event separation challenge detailed by Sikorska 
and Mba [105]. 
 
3.3 Combustion Related Sources of Acoustic Emission Activity  
Diesel engine problems such as, overheating, misfiring, loss of power, low oil 
pressure, excessive wear, changes in exhaust emissions and abnormal vibration or 
noise, can be regarded as the observable symptoms that may result from a large 
range of underlying faults. This is due to the close interaction and interdependency 
of the components and sub-systems that together form an engine and the often 
complex root cause to observable problem progression. This complex relationship 
between observed engine symptoms and the range of possible underlying faults has 
been widely recognised by authors such as Jones and Li [137] and Abbey [138].  
 
With respect to combustion in Diesel engines, it is possible to identify and attribute 
many underlying combustion related faults to the three main groups of combustion 
related components. These are; the fuel injectors; the inlet and exhaust valves and 
valve-train; and the piston-cylinder interface. In addition to these combustion related 
component groups, another category of underlying combustion related faults can 
also be attributed to abnormal combustion. The following sections describe 
combustion related faults that originate as a consequence of both component related 
and combustion process mechanisms. In addition, the following sections also 
summarise the previously documented AE signal features associated with the 
specific classes of combustion related fault. 
 
3.3.1 Fuel Injector Operation Related Acoustic Emission Activity  
Although many different Diesel engine fuel injector designs exist, these various 
injector designs all utilise nozzles which can be classified as being of a pintle or 
hole-type design. Pintle-type injector nozzles are commonly used in Diesel engines 
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having indirect injection (IDI) combustion chamber designs whilst hole-type nozzles 
are used in engines having DI combustion chamber designs. Typical designs for both 
pintle and hole-type nozzles are shown schematically in Figure 3.4(a) and (b) 
respectively.  
 
 
 
Figure 3.4: Sketches showing basic Diesel fuel injector nozzle designs for (a) a 
pintle-type nozzle and (b) a hole-type nozzle 
 
Pintle injector nozzles all have the same basic design [140] and, as can be seen in 
Figure 3.4(a), during injector operation, fuel flowing via the inlet port into the 
pressure chamber acts upon the pressure shoulder and forces the needle off the seat 
thereby allowing fuel to flow out through the nozzle orifice and over the pintle, the 
function of which is to form the fuel spray into a cone shape [141]. Instead of a 
single orifice, hole-type nozzles employ a number of holes in the nozzle tip to 
produce multiple fuel sprays within the combustion chamber.  
 
Hole-type nozzle needles are actuated in a similar fashion to the pintle-type nozzle 
needles however hole-type nozzles used in common-rail systems differ as they are 
actuated electronically through the use of solenoid or piezoelectric actuators. Hole-
type nozzle needles operated in this fashion are referred to as being lift-controlled 
[142] whilst nozzles actuated by the pressure within the pressure chamber are 
commonly referred to as being pressure-controlled. The use of common-rail fuel 
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systems and lift-controlled injector nozzles has been widely adopted due to the high 
level of control given by these systems over the injection process. 
 
Owing to the wide range of different injection systems, attempting to list specific 
injector faults would be impractical. It is possible however, to provide a general 
description of injector related faults based upon the standardised tests used to evaluate 
injector function. According to standardised pintle injector test procedure [143], pintle-
type fuel injectors are considered functional if three specific test criteria are met. These 
criteria are; amount of fuel leakage and drip; injector cracking (opening) pressure; and 
the spray pattern of the ensuing spray. With respect to testing hole-type nozzles and 
modern injection systems, Egler et al. [144] list flow measurement, injected fuel 
quantity measurement and the measurement of the injection characteristics as the chief 
parameters of interest. Failure to meet required test criteria is typically caused by 
damaged and worn nozzle components, broken or fatigued springs [138], build-up of 
deposits on internal injector components due to fuel additives [145], formation of 
nozzle hole and tip deposits [146] and erosion damage occurring near nozzle orifices 
[147]. 
 
In an early investigation that sought to use AE signals to investigate injector faults in 
a small HSDI Diesel engine, Gill et al. [139] examined the effects that three different 
injector discharge pressures had on raw AE signals. The increase in AE activity seen 
to commence just prior to TDC was believed to be caused by the build-up of pressure 
in the high pressure fuel lines. Gill et al. [139] pointed out that the earlier initial rise 
in AE is due to the advancement in fuel injection timing from the reduction in fuel 
injection pressure. Gill et al. [139] also believed that the reduced fuel injection 
pressure condition produced an extended lower amplitude response. This response 
was thought to be a result of less efficient air-fuel mixing and subsequently more 
erratic and longer combustion.  
 
A subsequent investigation by Frances et al. [84] also sought to investigate injector 
faults in a small, four cylinder, HSDI Diesel engine using AE signals. The recorded 
AE signals were converted into the crank-angle domain using simultaneously 
recorded encoder signals and windowed around the combustion event.  This window 
was used to both, calculate signal energy and, perform a time-frequency analysis 
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using a continuous wavelet transform (CWT) technique. Frances et al. [84] found 
that under normal running conditions, combustion occurred with a number of 
ignition points.  It was found that this made the task of accurately identifying ignition 
difficult as there were “a number of smaller combustion events or combustion 
pulses” all generating wideband AE. With reduced injector discharge pressure 
however, it was found that the start of ignition was increasingly easy to identify. This 
was identified by Frances et al. [84] as being due to the injection of fuel before ideal 
temperatures and pressures have been reached in the combustion chamber. These 
factors were described by Frances et al. [84] as leading to greater amounts of fuel 
igniting spontaneously and, in turn, generating large principal combustion pulse. 
Frances et al. [84] further report that this was exacerbated at higher engine speeds 
“as there is less time available for ideal combustion conditions to be met”. 
 
A more recent investigation by Elamin et al. [98] also investigated Diesel engine 
injector faults and AE in a small, four cylinder, HSDI Diesel engine. Based upon 
observational interpretations of crank-angle domain plots it was reported that 
frequency analysis, using the fast Fourier transform (FFT), gave an indication of the 
faulty operating condition of the engine but did not provide any information 
regarding the location or type of fault. A joint angle-frequency domain analysis was 
also presented based upon the application of the CWT using a Morlet wavelet. 
Elamin et al. [98] identified events just prior and after TDC (approximately 355˚ and 
365˚) as being related to injector operation and combustion respectively. These 
findings appear consistent with the findings by Gill et al. [139] however it seems that 
some ambiguity remains between the needle opening,  high pressure fuel line and 
combustion pulse mechanisms proposed by Elamin et al. [98], Gill et al. [139] and 
Frances et al. [84] respectively. 
 
The characteristics of AE arising from the injection process in large two-stroke 
Diesel engines used for power generation was also investigated as part of a broader 
study by Douglas [21]. Using the functional characteristics of the fuel injector, it was 
possible for Douglas [21], to determine the exact causes for the series of AE events 
recorded during the injection period. Figure 3.5, from Douglas [21] shows AE RMS 
and fuel line pressure along with AE events of interest labeled A to D.  
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Figure 3.5: AE RMS and fuel line pressure with the fuel injection related AE 
events of interest labeled A to D [21] 
 
Douglas [21] recognises rising fuel line pressure and the impact of internal injector 
components as the source of the AE event labeled A and B in Figure 3.5. Douglas 
[21] notes that as event B is generally broader than other impact events, it is possible 
that added AE activity due to the initial rush of fuel through the nozzle and the 
subsequent rapid combustion could contribute to event B. AE event C is described as 
being caused by the re-seating of the valve spindle at the end of fuel injection. The 
AE activity between B and C in Figure 3.5 is identified by Douglas [21] as being 
continuous with amplitude higher than the background level and is attributed to the 
continuous injection of fuel into the combustion chamber and/or the combustion of 
fuel. AE event D, recognised as being highly variable, was thought to be due to 
either fluid disturbances, pressure waves in the fuel lines or residual pressure in the 
injector itself however it was noted by Douglas [21] that the explanations regarding 
event D are tenuous and that further investigation is needed.  
 
3.3.2 Engine Valve and Valve-Train Related Acoustic Emission Activity   
Engine valve fault flowcharts presented in early works by Hannum [148] and, Kelly 
and Musil [149] highlight the complex interaction of factors that can eventually lead 
to engine valve failure. It is evident that interactions between the initiating or root 
problems, subsequent failure modes, and the final valve failure cause can be 
complex. In fact Johnson and Galen [150] point out that it is often extremely 
difficult to determine the specific initiator, or root cause for a given valve failure. In 
tabulating valve failure modes and associated possible causes, Wang [151] shows 
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that although many possible root causes of valve failure exist, these causes result in 
four main failure modes namely; wear; fracture; burning; and corrosion, that act in 
combination with each other. The wear mode includes adhesive, abrasive and 
corrosive wear mechanisms. These occur in contact areas such as the valve tip and 
stem, the keeper grooves and the valve seat. Wear modes at the valve seat can also 
include deformation (shear strain or radial flow) and contact fatigue wear modes 
[151, 152]. The valve head-seat impact wear mechanism has been associated with 
the formation of a series of circumferential ridges and valleys [153, 154].  
 
The valve fracture mode includes both fatigue and impact fracture mechanisms with 
the stem -fillet transition, stem and keeper groove regions all being prone to fracture 
[151]. Valve stem breakage can occur as a consequence of both fatigue and impact 
fracture mechanisms. Valve head cracks can develop in both radial and 
circumferential directions. Radial cracks are considered to be a thermal fatigue 
phenomenon and are generated from the valve seat or hard-facing bond [151]. These 
cracks often propagate into the fillet region where it becomes a circumferential 
crack. This leads to chordal fractures [151]. Radial cracks can also become a leakage 
path for exhaust gases in which case they eventually lead to valve burn. Likely 
causes or contributing factors of valve fracture include engine over-speeding, and 
excessive valve impact velocity from incorrectly adjusted valve lash.  
 
Elamin et al. [99] investigated the effect of incorrectly set valve lash. In this work 
two separate valve fault conditions were induced by increasing the valve lash 
clearance by 0.5 mm and 0.8 mm respectively. Using observations based on raw 
time-series data, Elamin et al. [99] reported that no significant change was observed 
for the 0.5 mm lash clearance increase whilst the 0.8mm lash clearance increase was 
reported as producing AE signals having decreased amplitudes. It was thought by 
Elamin et al. [99] that the decrease in signal amplitude resulted from reduced engine 
efficiency due to the later valve opening and earlier valve closing times associated 
with the increased lash clearance. However no attempt was made to quantify the 
likely effect of these valve lash settings in terms of other underlying valve lash 
related AE producing mechanisms. 
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The previously mentioned burning mode refers to the damage caused to the valve by 
hot exhaust gases. Valve burn is the term widely used to broadly describe this type 
of valve seat damage although other terms such as guttering, channeling and 
torching are also often used. It should be noted that although these terms are often 
used interchangeably, they have also been defined to describe specific valve burn 
mechanisms. For example, Arnold et al. [155] classify the term valve burn as a 
generic term that describes the more specific mechanisms of guttering and torching. 
Arnold et al. [155] go on to define guttering as a corrosion phenomenon that occurs 
across the valve seat face whereas torching is defined as the rapid melting of valve 
material due to the hot exhaust gas flow.  
 
Nicholls [156] succinctly describes a typical valve burn failure as including a number 
of steps which can occur either sequentially, or in combination. These steps are; 
formation of deposits on the valve seat; compaction of deposits by valve impacts; 
cracking and flaking of deposits; the formation of low melting point salts and hard 
particles leading to seat corrosion and hard particle beat-in. Gas channels eventually 
form across the valve seat leading to eventual engine failure. Figure 3.6 shows two 
examples of valve burn. As guttering can be distinguished by a “cobble stone” 
appearance [152, 156], it is therefore possible to more specifically classify the valves 
shown in Figure 3.6 as having failed due to guttering. 
 
 
 
 
Figure 3.6: An example of valve burn [150]  
 
Even though the studies by Fog and co-workers [79, 80, 81] focused on the 
automatic detection and classification of faults, they nevertheless identified and 
described AE signal features related to both normal and leaking exhaust valve 
 
 
Characterisation of Combustion Related Acoustic Emission Sources for Diesel Engine Condition Monitoring 
 50 
operation in large two-stroke marine Diesel engines. Referring to Figure 3.7 
reproduced from Fog [79], it can be seen that the portion of the AE signal relating to 
valve opening and closing consists of burst-type AE having relatively high amplitude 
whilst the valve leak related feature was categorised by Fog et al. [80], as a “very 
visible broadband event in the AE RMS signal” that occurs during the compression 
and expansion parts of the engine cycle. The valve leak related feature was further 
described by Fog et al. [80], as “leak noise” that is “superimposed on the normal 
ignition signature” having energy levels that are associated with the leak size.  
 
 
 
Figure 3.7: Identification of AE RMS signal features associated with the 
operation of a large two-stroke marine Diesel engine [79]  
 
Other corrosion related valve failure modes typically affect the valve face or fillet 
regions as these surfaces are exposed to the heat and corrosive constituents of 
combustion. In addition, when corrosive compounds exist in the lubricating oil, 
corrosion can also occur in the stem/guide contact [151]. Corrosion also often occurs 
as a result of component wear, leakage, poor valve materials selection or 
manufacturing techniques, poor fuels and deposit build-up and poor valve-train 
dynamics [151].  
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Although the specific root causes or initiating factors of valve faults can be difficult 
to identify, they often cause a change in engine operating characteristics which can 
in turn trigger the eventual valve failure modes. These operational characteristics 
include; high combustion or valve temperatures or temperature gradients; poor 
valve-train dynamics and high valve seating velocities; abnormal component stress 
levels; and erosion or corrosion of the seating surfaces [151]. Of these, three causes 
in particular have been considered particularly noteworthy in terms of detrimental 
effects, these are; excessive temperature peaks or gradients, misaligned valve seating 
and perhaps most critically, high seating velocities [149].  
 
3.3.3 Piston-Cylinder Interface Related Acoustic Emission Activity 
The piston-cylinder interface (PCI) includes those components that enable the 
relative movement between the piston and cylinder. These components are; the 
piston itself, the piston rings, and the cylinder wall surface. The compression rings 
need to effectively seal the combustion chamber whilst oil rings prevent the flow of 
excess lubricant into the combustion region.  The PCI is also required to have low 
friction in order to minimise frictional power losses and wear and have good 
resistance against hot erosion, chemical attack and mechano-thermal fatigue under 
highly transient lubrication conditions [157]. Figure 3.8 shows an exploded view of 
a piston and associated rings from a small Diesel engine. As seen, like most modern 
Diesel engines with swept volumes less than three litres per cylinder, this particular 
design utilises two compression rings and one oil control ring [158]. 
 
The PCI has been identified as one of the critical component contacts, the wear of 
which is a major factor in determining engine life [158, 159]. Wear in the PCI 
occurs on the contacting faces of the cylinder bore, piston rings and piston skirt. The 
majority of cylinder bore wear occurs at the top, ring reversal zone [158, 160] where 
the piston rings are subjected to the highest combustion pressures and temperatures 
and where ring-bore lubrication can include elasto-hydrodynamic, mixed and 
boundary lubrication regimes [161]. Wear occurring in the PCI leads to worn 
cylinder bores, piston skirts, rings, polished bores and consequently, the general 
condition known as blow-by whereby excessive leakage of gas occurs past the piston 
rings and excessive piston slap.  
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Figure 3.8: A piston-ring assembly [143]  
 
Fog [79] lists PCI wear and the accumulation of deposits as being the main causes of 
blow-by with this condition being typically associated with reduced compression, 
loss of performance and hot gas erosion of pistons, rings and cylinder bore. Piston 
slap occurs when the piston undergoes transverse motion within the piston-cylinder 
bore clearance causing it to impact on the cylinder wall and whilst this phenomenon 
is a normal consequence of crank-piston dynamics, increased piston-bore clearances 
lead to excessive piston slap.   
 
The mechanical impacts generated by piston slap are widely acknowledged as being 
a major source of noise in Diesel engines, and indeed this has been one of the major 
motivating factors that have driven research into both the mechanics of piston slap, 
and the methods by which the vibration and noise generated by piston slap may be 
reduced. Earlier examples of this research include studies by Fielding and Skorecki 
[53] and Haddad and Pullen [162] with more recent studies by Haddad and Tjan 
 
 
Chapter 3: Combustion Related Diesel Engine Components, Faults and their Acoustic Emission Signal Features 
 53  
[164], Okubo et al. [165] and Nakashima et al. [166]. All of these studies highlight 
the strong influence that the piston-cylinder bore clearance has on the severity of the 
resulting piston slap whilst studies [164 – 167] have also shown that gudgeon pin 
eccentricity has a major influence on the overall severity and nature of the piston 
slap. In addition to unwanted noise and accelerated wear, excessive piston slap has 
been identified as being a major cause of cavitation erosion damage of both Diesel 
engine cylinder liners and cylinder blocks [168-170].   
 
The potential use of AE measurements in monitoring both blow-by and piston slap 
has also been recognised. Fog [79] highlights the possible use of AE in a “cylinder 
condition” monitoring role and suggests that “AE would prove useful for 
(monitoring) excessive wear, micro-seizure and blow-by”. This suggestion was 
presumably based on the previously recognised AE generating ability of mechanical 
and fluid-mechanical events. Douglas and co-workers [21, 101] indeed went on to 
show that the ring-bore interface was an important source of AE activity.  Initial 
investigations featuring AE signals recorded from a small motored HSDI Diesel 
engine with the cylinder head removed showed that the piston ring-bore interface 
related AE occurred as four pulses that had a continuous nature. The ring-bore 
interface related AE recorded from two different AE sensors on the motored engine 
is shown in Figure 3.9.  
 
 
                                             
   
Figure 3.9: Plot showing AE signals in terms of crank-angle from two 
separate sensor positions on the motored engine [101]   
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The difference in signal amplitudes seen from the two sensor positions in Figure 3.9 
was noted by Douglas and co-workers [21, 101] as being due to differing AE 
transmission paths whilst the four pulses of ring-bore interface related AE were 
characterised as being proportional to the piston speed. In further tests detailed by 
Douglas [21], similar analyses using AE signals recorded from a different motored 
engine showed similar results regarding the mid-stroke AE activity however, as 
shown in Figure 3.10 relatively large burst-type AE events were seen to occur at the 
TDC and BDC positions. These burst-type events were identified by Douglas [21] as 
being due to piston slap. Douglas [21] also noted that similar burst-type AE events 
were also seen in recorded AE signals from other motored engine tests however, 
these were of far lower amplitude. The relative differences in amplitudes were 
considered by Douglas [21] to be indicative of increased piston-cylinder interface 
clearances. 
 
 
 
Figure 3.10: Plot showing raw AE with burst-type events at TDC and BDC [21] 
 
Douglas and co-workers [21, 101] also sought to establish whether the ring-bore 
interface AE identified during the motored engine tests was evident under normal 
engine running conditions. The results reported indicate that the continuous ring-bore 
interface AE was indeed recorded at the piston mid-stroke positions under normal 
engine running conditions. Douglas et al. [101] considered it unlikely that asperity 
contact between the compression rings and cylinder wall was the source of the 
continuous mid-stroke AE owing to the elasto-hydrodynamic lubrication regime 
present during mid-stroke piston travel. Instead, Douglas et al. [101] identify the 
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most likely source of mid-stroke AE as being the asperity contact between the oil 
control ring and the cylinder wall due to the boundary lubrication regime associated 
with oil control ring operation. 
 
Douglas and co-workers [21, 101] also attempted to characterise piston ring-cylinder 
wall interface related AE in large two-stroke Diesel engines and found that 
continuous ring pack-cylinder wall  interface AE was also generated. In the case of 
large two-stroke Diesel engines Douglas [21] reported that very little continuous 
piston ring-cylinder wall interface related AE was observed in the mid-stroke 
regions. Instead, the continuous AE was observed around the TDC position. It was 
thought that the absence of mid-stroke AE activity was due to the absence of oil 
control rings in the ring-packs of these particular types of engines. It was also 
thought that possible sources for the continuous AE activity in this case were asperity 
contact and/or blow-by.  
 
Other authors have also identified piston-cylinder interface related phenomena as 
possible sources of AE. As recent examples, Elamin et al. [98] and Steel and Reuben 
[16] both mention piston slap as being a possible AE source however few authors 
have specifically characterised or analysed blow-by or piston slap related features in 
recorded AE signals. In fact in the majority of studies, piston slap and blow-by 
appear to contribute very little to recorded AE signals. It is likely that this situation 
stems from the wear related nature of  both blow-by and piston slap, and the 
variability represented in the literature is caused by factors related to engine type and 
age (wear state) and associated piston-bore clearance, variations in engine design 
(such as gudgeon pin offset), and the engine specific source-to-sensor AE 
transmission characteristics. 
 
3.3.4 Diesel Engine Combustion Related Acoustic Emission Activity  
AE based monitoring methods have also been investigated and applied in a 
combustion monitoring context. In this context AE measurements are used to 
monitor the combustion process itself with the aim of detecting abnormal combustion 
conditions. These abnormal conditions include; the total lack of combustion 
(misfire), reduced combustion (soft-fire) and unbalanced combustion contributions in 
multi-cylinder engines. Owing to the sensitivity of the combustion process to both 
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internal and external parameters, misfire, soft-fire and unbalanced combustion in 
multi-cylinder engines can result from a plethora of underlying problems which 
would be impractical to list.  
 
The detection of misfire in small four cylinder Diesel engines was successfully 
demonstrated using plots of time series data as part of the early study undertaken by 
Gill et al. [78]. In this preliminary investigation, misfire was induced by 
disconnecting one of the injector fuel lines. Gill et al. [78] reported that the 
combustion related portion of the AE signal for a particular cylinder completely 
disappeared under misfire conditions. Fog [79] also undertook similar tests using a 
large, two-stroke marine Diesel engine and reported that “the most apparent 
difference is seen at the start of the combustion process, where during misfire there is 
an absence of the two AE bursts (between injection start and exhaust valve opening) 
which appears during normal running”. Fog [79] interprets these two AE bursts as 
being related to the start and end of fuel injection. In addition to misfire, the 
detection and the AE signal features associated with the rather ambiguous soft-fire 
combustion condition have also been extensively demonstrated in investigations 
regarding injector related faults such as those detailed in Section 3.2. As was 
detailed, whilst there was some disagreement in the literature regarding the exact 
source or level of contribution of AE; researchers generally acknowledged 
contributions from both mechanical and fluid-mechanical injection related events and 
combustion related processes.  
 
Unlike the somewhat ambiguous cases of misfire, soft-fire and unbalanced 
combustion conditions, another common abnormal combustion condition 
encountered in Diesel engines occurs as a specific phenomenon associated with the 
high pressure rise rates that are produced during the premixed combustion stage. 
These high pressure rise rates are responsible for the characteristic “knocking” noise 
often referred to as Diesel knock [141] that is widely associated with Diesel engines. 
Whilst premixed combustion is a normal part of Diesel engine operation, various 
circumstances can lead to excess quantities of fuel combusting in a premixed fashion 
and when excessive this phenomenon can, in a similar manner to SI knock, be 
extremely detrimental to engine life [171, 172]. The high pressure rise rates 
associated with excess Diesel knock result in the propagation of high amplitude 
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pressure waves at frequencies governed by combustion chamber resonance. The 
effect of these high amplitude pressure waves upon a typical SI cylinder pressure 
trace is shown in Figure 3.11. As Figure 3.11 shows, the high frequency pressure 
fluctuations are evident in the pressure trace. It is also seen that the amplitude of the 
high frequency pressure fluctuations increases as the severity of the knock increases 
[173].  
 
 
Figure 3.11: Cylinder pressure verses crank-angle plots for (a) normal spark-ignition 
combustion (b) light knock and (c) intense knock [173]  
 
Many researchers have investigated and described the specific mechanisms 
responsible for knock and knock damage. For example, Nates and co-workers [174 -
177] have described how knock in SI engines leads to a local pressure-temperature 
pulse mechanism as well as a gross thermal damage mechanism. These mechanisms 
lead to the two main damage pathways namely, increased heat flux and erosion. The 
erosion damage pathway leads to the erosion of the crown and top land areas of the 
piston, the cylinder head and the head gasket whilst the heat flux damage pathway 
leads to jammed rings, piston land fracture, piston seizure and a different ring 
fracture mode. Although the study by Nates and co-workers [174 -177] pertained to 
SI knock, Diesel knock has also been specifically recognised as detrimental to engine 
life [79, 138] as well as a considerable problem associated with the use of alternative 
fuels in dual-fuel Diesel engines [178-180]. 
 
In identifying a “combustion pulse” AE generating mechanism, Frances et al. [84] 
and Douglas [21] highlighted premixed combustion as a potential source of AE 
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however El-Ghamry and co-workers [90, 181] are the only researchers to have 
specifically identified AE features in terms of engine knock phenomena. In research 
pertaining to SI engines El-Ghamry and co-workers [90, 181] recorded AE data from 
an engine operating with fuel to air ratios likely to induce both occasional misfire 
and SI knock. It was reported that both rich and lean running conditions could be 
detected using recorded AE RMS signals. In addition, El-Ghamry et al. [181] also 
highlighted the effect of SI knock upon raw SI AE signals, El-Ghamry et al. [181] 
suggest that the multiple bursts of AE seen in the knock related portion of the plotted 
signals are the result of reflections of the knock related pressure wave. 
 
3.5 Chapter Summary  
Chapter 3 began by providing an overview of AE wave propagation within engines. 
This section highlighted engine related AE signals as typically consisting of a 
combination of both burst and continuous AE that originates as a complex mix of 
overlapping AE sources and distorted propagating AE waves. Chapter 3 continued 
by reviewing and detailing the various steps needed for the interpretation of engine 
related acoustic emission signals and how AE signals have been processed in order 
to include a priori information concerning the timing of events associated with 
engine operation.  The subsequent sections of Chapter 3 then provided overviews in 
which fuel injector operation, the inlet and exhaust valves, and the piston/cylinder 
wall interface were described in terms of function and underlying fault mechanisms 
and also reviewed as sources of AE activity.  
 
The injector related sources of AE activity were discussed in Section 3.3.1 whereby 
the common use of two main types of fuel injector nozzle was highlighted. These 
two main types of fuel injector nozzle were identified as pintle and hole-type 
nozzles. Subsequent paragraphs pointed out that injector related AE activity has 
previously been recognised as being caused by mechanisms related to the build-up of 
pressure in the high pressure fuel lines, fuel flow through injector nozzles, injector 
needle related opening and closing impacts, less efficient air-fuel mixing and large 
combustion pulses. The close association between fuel injector operation and 
combustion was also highlighted along with the ambiguity that remains with regards 
to the previously identified AE generating mechanisms. 
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Valve related sources of AE activity were then discussed in Section 3.3.2 along with 
the main failure modes. Within Section 3.3.2 it was pointed out that although the 
interactions between the initiating or root causes, subsequent failure modes and the 
final valve fault could be complex, excessively forceful valve impacts from 
incorrectly adjusted valve lash and poor valve-train dynamics were commonly 
associated with eventual valve failure. Valve related sources of AE activity were 
also reviewed with valve impacts and leakage being highlighted as previously 
recognised valve related AE sources. It was also highlighted that no previous 
attempt has been made in quantifying valve lash settings in terms of the valve impact 
related AE producing mechanisms. 
 
In Section 3.3.3, the functional role of the PCI was discussed and a number of 
previous studies were highlighted in which the PCI was outlined as providing a 
number of specific combustion related sources of AE. These previously recognised 
AE sources were friction between the piston rings and the cylinder wall, blow-by 
and piston slap. Section 3.3.3 also highlighted that whilst piston slap is often 
mentioned as a source of AE in Diesel engines, few attempts have been made to 
identify and categorise AE activity arising specifically from piston slap or indeed 
blow-by. It was further pointed out that in the majority of studies, piston slap 
contributed very little to documented AE signals and that this was due to the close 
association between piston-bore clearance and the severity of the piston slap AE 
generating impacts. 
 
Chapter 3 closes with Section 3.3.4 within which is given an overview regarding AE 
activity that originates from the combustion process itself. Section 3.3.4 highlighted 
the previous use of AE based misfire, soft-fire and unbalanced combustion detection 
however it was pointed out that these fault classifications are somewhat ambiguous. 
Section 3.3.4 also described the occurrence of Diesel knock as a specific 
phenomenon associated with high pressure rise rates produced during premixed 
combustion whilst previous studies discussed within Section 3.3.4 identified 
premixed combustion in Diesel engines and knock in spark ignition engines as 
potential AE sources. However Section 3.3.4 also demonstrated that the 
investigation of Diesel knock as an AE source had not been previously undertaken. 
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In summary, within Chapter 3 it was shown that whilst operation of the combustion 
related engine component groups has been shown to generate AE few attempts have 
been made to characterise recorded AE signals with regards to component function 
or underlying fault modes. Furthermore, it appears that no attempts have yet been 
made to investigate and characterise the phenomenon of Diesel knock as a source of 
AE activity. 
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Chapter 4  
 
 
Experimental Approach and 
Methodology  
 
 
 
 
 
 
 
 
 
 
 
The opening portion of Chapter 4 begins by describing and listing the general 
specifications associated with the two different Diesel test engines used to undertake 
the four major test campaigns that together constitute the experimental phase of this 
research. Initial sections of Chapter 4 go on to introduce the aims and conceptual 
background associated with the four test campaigns. Subsequent sections of Chapter 
4 then describe the sensors, sensor positions, data acquisition systems and sensor 
setups used whilst undertaking the required tests. The closing sections of Chapter 4 
then provide descriptions regarding the AE signal processing techniques used in 
preparing signals for the analytical stages of the research featured in this thesis. 
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4.1 The Engine Research Facilities 
The first engine test-bed used during the course of the research consisted of a 
Cummins ISBe220 31 turbo-charged Diesel engine having a displacement of 5.9 litres. 
This engine is coupled to a Froude water dynamometer and both engine and 
dynamometer are controlled electronically by a Dynalog control system. The Cummins 
engine has a DI combustion chamber design with an electronically controlled 
common-rail fuel system. The Cummins engine, part of the Bio-fuels Engine Research 
Facility at Queensland University of Technology, is shown in Figure 4.1.  
 
 
 
Figure 4.1: The Cummins ISBe220 31 test engine 
 
The second engine test-bed used consisted of a naturally aspirated 4 cylinder, 2.216 
litre, Perkins 404C-22 Diesel engine coupled to an Olympian 415 Volt, three-phase 
alternator. Load is applied to the Perkins engine by way of a three-phase industrial fan 
heater using nominal load settings of 0 kW, 5 kW, 10 kW and 15 kW. The Perkins test 
bed, also located at Queensland University of Technology, is shown in Figure 4.2 
 
 
 
Figure 4.2: The Perkins 404C-22 test engine 
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The Perkins engine has an IDI combustion chamber design with a mechanically 
operated fuel injection system. Additional Cummins and Perkins engine specifications 
are listed in Tables 4.1 and 4.2 respectively.  
  
Table 4.1: Cummins ISBe 220-31 engine data [182] 
Engine Cycle Four Stroke, turbocharged 
Engine Layout Inline, 6 cylinder 
Advertised Power 
Advertised Peak Torque 
162 kW @ 2500 rpm 
820 Nm@ 1500 rpm 
Firing Sequence 1, 5, 3, 6, 2, 4 
Bore 102 mm 
Stroke 120 mm 
Displacement 5.9 Litres 
Compression Ratio 17.3:1 
Injection Timing – Start Electronically Controlled 
Exhaust valve timing – open  138˚  after combustion TDC 
Exhaust valve timing – close 370˚  after combustion TDC 
Inlet valve timing – open 347.5˚  after combustion TDC 
Inlet valve timing – close 555˚  after combustion TDC 
Combustion System DI 
 
 
Table 4.2: Perkins 404C-22 engine specifications [143] 
Engine Cycle Four Stroke, naturally aspirated 
Engine Layout  Inline, 4 cylinder 
Advertised Power Standby: 18 kW, Prime:16.2 kW 
@ 1500 RPM (governed) 
Firing Sequence 1, 3, 4, 2 
Bore 84.0 mm 
Stroke 100 mm 
Displacement 2.216 Litres 
Compression Ratio 23.3:1 
Injection Timing – Start 15˚ before TDC 
Exhaust valve timing - open 143˚  after combustion TDC 
Exhaust valve timing – close 370˚ after combustion TDC 
Inlet valve timing– open 354˚ after combustion TDC 
Inlet valve  timing - close 584 ˚ after combustion TDC 
Combustion System Pre-combustion chamber IDI 
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4.2 Experiments 
The experimental work undertaken consisted of four major series of tests, these tests 
were: 
 
(1) The injector nozzle fault tests 
(2) The dual-fuel Diesel knock tests 
(3) The valve-train dynamics tests 
(4) The excess piston-slap tests 
 
The objective of the injector nozzle fault tests was to investigate whether the two 
main types of injector nozzles generate AE signal features specific to nozzle type. 
The individual tests conducted involved the experimental inducement of both pintle 
and hole-type nozzle faults based on commonly encountered injector nozzle failure 
modes. During the hole-type nozzle fault test, nominally identical replacement 
injector nozzles were damaged to various degrees and tested using standard testing 
procedure in order to accurately benchmark the resulting level of nozzle damage. 
The pintle-type nozzle fault tests were undertaken using a similar methodology 
using two separate faulty injectors. The first of these faulty injectors had a severely 
damaged pintle, whilst the second nozzle featured a pintle that had incorrect 
geometry. The results of the injector fault test campaign are presented in Chapter 5 
titled:  
 
Acoustic emission signal features associated with the two main types of Diesel 
engine fuel injector nozzles 
 
The objective of the Diesel knock tests was to identify and characterise knock 
related activity in dual-fuel Diesel engines as a source of AE activity. This particular 
series of tests involved the inducement of three different engine running conditions 
based on the rate of ethanol substitution. The ethanol was introduced into the engine 
using the widely known fumigation technique whereby ethanol is introduced into the 
air stream entering the engine. The three engine running conditions used were 
chosen to represent three broadly applicable engine operating conditions. These 
conditions were normal engine operation using straight Diesel fuel (0% ethanol); 
engine operation using 30% ethanol representing acceptable dual-fuel engine 
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operation; and the 50% ethanol operating condition which represented engine 
operation with unacceptable levels of dual-fuel Diesel knock. The results based upon 
this test campaign are presented in Chapter 6 which is titled:  
 
Detection of knock related acoustic emission from a dual-fuel Diesel engine 
operating with Diesel fue, and ethanol 
 
The objective of the valve-train dynamics tests was to characterise the AE activity 
that arises as a consequence of changes in engine valve-train dynamics using a 
dynamic valve-train model based specifically on the Perkins test engine. During the 
course of the valve-train dynamics tests engine operation featuring abnormal valve-
train dynamics was induced by using a range of different valve-lash setting 
adjustments. Using the dynamic valve-train model it was possible to predict the 
valve actuation timing and velocities arising from the induced abnormal valve-train 
dynamics. Using the information generated by the dynamic valve-train model it was 
also possible to characterise AE signals in terms of valve impact related AE activity. 
The investigation based upon the valve-train dynamics tests is presented in Chapter 
7 and is titled:  
 
Characterisation of acoustic emission associated with abnormal valve-train dynamics 
in a small pushrod-type Diesel engine 
 
The objective of the excess piston-slap tests was to characterise the phenomenon of 
piston slap as a source of AE and identify whether any AE signal features could be 
directly identified as being caused by piston slap. The piston slap test featured the 
inducement of excessive piston slap into one of the four engine pistons at a level 
consistent with the service limits of the engine. Established methods were used to 
locate the approximate locations of potential piston slap events in terms of engine 
cycle timing. Using this information it was possible to analyse recorded AE signals 
with regards to piston slap related activity. The research based upon the piston slap 
test is presented in Chapter 8 titled:  
 
Detection and characterisation of acoustic emission activity associated with piston 
slap in a small Diesel engine 
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4.3 Data Acquisition 
Two separate data acquisition (DAQ) systems were used to record data throughout 
the test campaigns. The first of these DAQ systems utilised a sampling rate of 1 
MHz and was used to record AE signals whilst the second DAQ system utilised a 
sampling rate of 50 kHz and was used to record comparison or reference signals 
such as vibration, cylinder pressure, TDC and crank-angle encoder signals as well as 
AE RMS signals. Raw AE signals were amplified using Physical Acoustics 
Corporation 2/4/6 preamplifiers before being synchronously recorded along with the 
TDC signals using a Physical Acoustics Corporation  microDisp™ AE DAQ system 
and Hewlett-Packard laptop computer running Physical Acoustics Corporation  
AEwin™ software. Raw AE signals were band-pass filtered between 20 kHz and 
400 kHz. The first DAQ system setup used to record AE signals is shown 
schematically in Figure 4.3. 
 
 
 
Figure 4.3: Schematic showing the AE data acquisition system  
 
The second DAQ system, shown schematically in Figure 4.4, consisted of a Toshiba 
laptop computer running National Instruments LabVIEW™ software and a 
PCMCIA DAQ card which was in turn connected to a National Instruments, BNC 
PAC microDisp 
AE system  
Engine 
 
Laptop computer 
TDC and Encoder reference signals 
AE signals 
 
PAC 2/4/6 preamplifiers  
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2120 I/O connector. AE signals were amplified using PAC 2/4/6 preamplifiers and a 
Physical Acoustics Corporation AE5A signal conditioner with a 50 millisecond 
window was used to convert the raw AE signals into analog AE RMS signals. 
Pressure and vibration signals were low pass filtered using a 20 kHz cut-off in order 
to prevent aliasing with the vibration signal being amplified using a PCB signal 
conditioner. 
 
 
 
Figure 4.4: Schematic showing the second data acquisition system 
 
4.4 Sensor Setup and Positioning 
During the hole-type injector nozzle and Diesel knock tests pressure signals were 
recorded from a Kistler 6053CC60 pressure sensor installed into cylinder 1 of the 
Cummins engine. Pressure signals were amplified using a PCB 422D03 charge 
amplifier prior to being recorded. AE signals were acquired using Physical Acoustics 
National 
Instruments 
BNC-2120 
Connector  
Engine 
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Corporation 15α sensors that were positioned on the front face of the Cummins engine 
using magnetic holders.  One AE sensor was positioned on the engine block and the 
other on the cylinder head. These sensor positions are shown in Figure 4.5.  
 
 
Figure 4.5: The AE sensor positions on the front of the Cummins engine  
 
During the pintle-type injector nozzle and valve-lash tests AE signals were recorded 
from the Perkins engine using a Physical Acoustics Corporation MICRO-30D sensor 
mounted to the head of the engine in close proximity to cylinder 1 whilst pressure 
signals were recorded from a Kistler 6056A pressure sensor installed into cylinder 1 
using a suitable glow plug adapter. These sensor positions are shown in Figure 4.6.  
 
Figure 4.6: The pressure and AE sensor positions on the head of the Perkins engine  
 
The same pressure sensor and positions were maintained for the piston slap test 
however, an array using Physical Acoustics Corporation MICRO-30D AE sensors 
 
AE sensor  
Pressure sensor 
AE sensor- head 
AE sensor- block 
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was used in order to account for any possible sensor position effects arising from the 
test. The first AE sensor was mounted on the cylinder head in the same position 
shown previously in Figure 4.6. AE sensors 2, 3 and 4 were mounted in close 
proximity to cylinder #1 on the thrust side of the cylinder block (opposite side to AE 
sensor 1). These sensor positions are shown in Figure 4.7. 
 
 
 
Figure 4.7: The piston slap test AE sensor positions on the Perkins engine block 
 
4.5 Acoustic Emission Signal Processing  
During the testing phase of the research featured in this thesis, AE signals were 
recorded as both raw AE time-series data using the Physical Acoustics Corporation  
microDisp™ AE DAQ system shown in Figure 4.3 and as analog AE RMS signals 
recorded using the DAQ system shown in Figure 4.4. Both of these signals were 
acquired with simultaneously recorded TDC reference signals. AE signals were 
converted into analog AE RMS signals using the Physical Acoustics Corporation 
AE5A signal conditioner according to Equation 4.1 [185]. 
 
                (4.1) 
 
AE sensor 2 AE sensor 3 
AE sensor 4 
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Where f(t) is the input signal and T  is the running average window. In converting the 
raw AE signals into analog AE RMS signals a running average window of 50 
milliseconds was used throughout the testing phase of the research. Conversion of 
digitised raw AE into AE RMS was also undertaken due to the unavailability of 
some of the DAQ equipment. This step was applied as a post-acquisition signal 
processing step according to the equation reproduced below as Equation 5.2 [21] 
where x is the data value at a discrete point in time and N is the total number of data 
samples in the selected time period. 
 
                 (4.2) 
 
In converting recorded raw AE signals, a running average window of 100 data points 
was used throughout the testing phase of the research with 80% overlap in order to 
produce AE RMS signals that were consistent with other signals recorded in terms of 
the number of data points per engine cycle.  
 
Another widely used AE parameter is that of summed AE signal energy. However, it 
must be noted that the definition in terms of specific the method used in the 
calculation of the summed AE signal energy can vary. For example, Douglas [21] 
mentions that the calculation of summed AE signal energy has been defined as the 
area under the absolute signal, and as the area under the square of the signal. 
Throughout this thesis summed AE signal energy values are used extensively with 
the summed AE signal energy being calculated as the area under AE RMS signals. 
Summed AE RMS energy ( ϑE ) calculated in this way is defined by Equation 4.3.  
 
( ) θθθ
θϑ
dSE ∫=
2
1
                  (4.3) 
 
Where S(θ) is the AE RMS signal in terms of crank-angle and the subscripts θ1 and 
θ2 are the window start and end positions in crank-angle degrees.  
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4.6 Chapter Summary 
Chapter 4 commenced by firstly describing the two different Diesel engine test beds 
that were used to undertake the test campaigns featured in this thesis. Subsequent 
sections within Chapter 4 have gone on to introduce and provide a conceptual 
overview of the four major test campaigns. Latter sections then went on to describe 
the data acquisition systems, sensors and sensor positions used in undertaking the 
required tests. The final sections of Chapter 4 then provided a description regarding 
the methods that where used to process the AE signals that were captured during the 
test campaigns. 
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Chapter 5 
 
 
Acoustic Emission Signal 
Features Associated with 
the Two Main Types of 
Diesel Engine Fuel Injector 
Nozzles 
 
 
 
 
 
 
 
Initial sections of Chapter 5 begin by describing the methods used to induce the hole 
and pintle-type nozzle faults and continue by qualifying the combustion effects that 
arose during the injector nozzle fault tests using averaged cylinder pressure traces. 
Subsequent sections within Chapter 5 go on to identify those AE signal portions that 
hold injector fault specific information and detail some initial AE signal 
observations regarding time-series and time-frequency features. Chapter 5 then 
continues by presenting results specific to each of the two types of injector nozzles 
used during the injector nozzle fault tests which together show that differences in 
injector nozzle function produce AE signal features that that can be specifically 
related to the type of injector nozzle used. 
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5.1 Induced Injector Nozzle Faults 
Injector nozzle faults were induced into both pintle and hole-type nozzles based upon 
failure modes detailed in Chapter 3. The fault inducement technique adopted for the 
hole-type nozzle fault tests involved the careful application of a wire buffing wheel 
to the nozzle tip whilst the pintle-type nozzle fault tests featured nozzles with 
incorrect pintle geometry and total pintle removal. The full misfire condition was 
induced using an electrical switch to isolate the injector from the engine control 
module.  
 
5.1.1 Hole-Type Nozzle Faults 
It was found that the nozzle tip damage produced by the application of a wire buffing 
wheel to the nozzle tip closely replicated the reduction of injected fuel flow through 
the nozzle due to damage or material build-up around the nozzle holes [183]. The 
damaged replacement injectors were tested commercially in order to ascertain the 
resulting injector fault level. The first damaged injector had a fuel flow level 
approximately 20% below the acceptable nominal valve whilst the second injector 
had a fuel flow level approximately 80% below the nominal valve. Engine operation 
under the induced fault conditions was therefore referred to as the small, large and 
full misfire injector fault conditions. Figure 5.1 (a) shows a photograph of an original 
undamaged injector nozzle with a pen tip for comparison whilst Figure 5.1 (b) shows 
a close up photograph of one of the nozzle holes. Of note are the sharp, undamaged 
edges and absence of build-up seen around the edges of the holes.  
 
    
   (a)        (b) 
 
Figure 5.1: An undamaged hole-type nozzle with a ballpoint pen tip for comparison 
(a) and (b) a close-up of the nozzle holes 
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Figure 5.2 shows a close up photograph of the damaged nozzle holes. As seen the 
edges of the holes shown have been severely damaged. The edges of the holes have 
been severely rounded whilst the diameter of the hole has been reduced to 
approximately one third of their original size. This damage drastically affects fuel 
flow rate and spray development through individual holes, and the overall nozzle 
spray pattern. 
 
 
  
Figure 5.2: A close-up photograph of damaged injector nozzle holes  
 
5.1.2 Pintle-Type Nozzle Faults 
Two simulated pintle faults were induced for the pintle-type nozzle fault tests. The 
first of these faults involved the removal of the nozzle pintle whilst the second pintle 
injector fault was induced using a pintle having an incorrect shape. Figure 5.3 (a) 
shows the original pintle nozzle tip with a mechanical pencil for comparison whilst 
Figure 5.3 (b) shows a close up of the undamaged pintle. Of particular note is the 
undamaged pintle geometry.  
 
    
   (a)                (b) 
Figure 5.3: The original undamaged pintle injector with a mechanical pencil tip for 
comparison (a) and (b) a photograph showing a close-up of the pintle 
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Figure 5.4 (a) shows the badly damaged pintle whilst Figure 5.4 (b) shows a close up 
of the pintle with incorrect geometry. The damaged injectors were tested in order to 
ascertain the corresponding injector fault conditions. The first damaged pintle 
injector was classified as badly damaged whilst the second injector was classified as 
having incorrect pintle geometry. The corresponding pintle fault test operating 
conditions were therefore referred to as the normal, worn pintle and incorrect pintle 
operating conditions. 
 
    
 
                           (a)              (b) 
Figure 5.4: A close up showing the badly damaged pintle (a) and the pintle having 
incorrect geometry (b) 
 
5.2 Qualification of Induced Nozzle Faults Using Pressure Signals 
In order to ascertain the effect that the different injector faults were having in terms 
of combustion output, averaged pressure traces corresponding to the different nozzle 
fault conditions were produced using approximately 60 engine cycles from each of 
the engine operating conditions. Figure 5.5 shows the compression and power stroke 
portions of averaged cylinder pressure traces from the hole-type nozzle fault test in 
which the engine was operated at a nominal engine speed of 1500 rpm under full 
load. As Figure 5.5 shows, the averaged pressure traces from the induced normal, 
small, large and misfire conditions result in a progressive reduction in both overall 
cylinder pressure amplitude, and in relative combustion output (as related to the area 
under the cylinder pressure trace).   
 
The cylinder pressure graphs plotted in Figure 5.5 are to be expected as these 
pressure plots mirror the quantitative injector test results previously mentioned in 
Section 4.4.1. These quantitative injector tests showed that the induced nozzle faults 
resulted in a progressive reduction in the quantity of injected fuel hence producing 
 
 
Chapter 5: Acoustic Emission Signal Features Associated with the Two Main Types of Diesel Engine Fuel Injector Nozzles 
 77  
the progressive reduction in cylinder pressure amplitude and in combustion output 
seen in Figure 5.5. 
 
 
Figure 5.5: Average cylinder pressure plots for the hole-type nozzle tests 
 
Similarly, Figure 5.6 shows the compression, TDC and power stroke portions of 
averaged cylinder pressure traces from the pintle-type nozzle fault test in which the 
engine was operated at 1500 rpm under full load. These averaged pressure traces 
were produced again using approximately 60 engine cycles from the normal, 
damaged pintle, and incorrect pintle fault engine operating conditions.  
 
Unlike the progressive reduction observed in cylinder pressure amplitude and 
combustion for the hole-type tests, Figure 5.6 shows that the averaged pressure traces 
from the pintle-type nozzle fault test show little change in terms of both; overall 
cylinder pressure amplitude, and relative combustion output with regards to the 
induced pintle nozzle fault conditions. This effect can be accounted for, if pintle 
injector function is considered as the induced pintle faults are expected to affect the 
fuel spray characteristics but as the amount of fuel injected is governed by the 
injector cracking (opening) pressure, the induced faults result in similar quantities of 
fuel being injected during all three operating conditions.  
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Figure 5.6: Average cylinder pressure plots for the pintle-type nozzle tests 
 
It is assumed therefore that the small variations in averaged pressure trace amplitude 
that are seen between 360˚ (TDC) and approximately 390˚ in Figure 5.6 are the result 
of a combination between the different fuel spray characteristics caused by the 
induced pintle faults and the slight variations in injector cracking pressure associated 
with the three different injectors used throughout the test. Hence the differing nozzle 
fault related cylinder pressure effects shown in Figures 5.5 and 5.6 are categorised as 
a direct consequence of the different functional characteristics associated with hole 
and pintle nozzles and the induced faults used during the test campaign.  
 
5.3 Initial Injector Related Acoustic Emission Signal Observations 
A preliminary analysis of recorded AE signals from the hole-type nozzle fault tests 
was undertaken in order to identify injector nozzle fault related signal features. To 
begin with, randomly selected portions of raw AE signals recorded under both 
normal and misfire engine operation conditions were truncated using the 
simultaneously recorded TDC signal into portions corresponding to individual engine 
cycles. These AE signal portions were then presented in terms of crank-angle by 
calculating the crank-angle step associated with each AE signal portion thus allows 
the nominal crank-angle timing values associated with engine component function to 
be included as timing maps.  
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Figure 5.7 highlights the results this process by showing a truncated potion of the 
raw AE signal along with the corresponding TDC signal from the six cylinder 
Cummins engine operating at 1500 rpm under full load conditions. As seen the AE 
signal potion corresponds to one complete engine cycle which in this case consists of 
two complete revolutions of the crankshaft - or 720˚. The signal portion spanned by 
the arrow in Figure 5.7 identifies in general terms, the portion of the AE signal 
associated with fuel injector operation and combustion in cylinder 1.  
 
  
Figure 5.7: A plot showing truncated TDC and AE signals for one engine cycle with 
the injector fault related region highlighted 
 
5.3.1 Misfire Related Signal Observations 
Figure 5.8 shows a close-up view of the injector fault related portion of the AE signal 
highlighted in Figure 5.7. As Figure 5.8 shows, the injector fault related portion of 
the AE signal can be further categorised and divided into three regions using 
knowledge concerning the operation of the Cummins engine and fuel injection 
system and the interrelated combustion process. These regions are; the injector 
operation region; the premixed/diffusion combustion region and the extended 
response region. 
 
As shown in Figure 5.8, the injector operation region occurs as the piston nears the 
end of the compression stroke and is categorised as occurring between the 
approximate crank-angle values of 335˚ and 365˚. This portion of the AE signal is 
 
Injector Fault Related Signal Portion 
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believed to contain injector related AE activity similar to that reported by Douglas 
[21], Elamin et al. [98] and Gill et al. [139] that originates as a consequence of 
injector operation and build-up of pressure in fuel lines as well as the high pressure 
fuel flow through the injector nozzle. The premixed/diffusion combustion region 
shown Figure 5.8 is categorised as occurring between approximately 365˚ and 405˚. 
This region is believed to contain both premixed and diffusion combustion related 
AE activity similar to that reported by Frances et al. [84] whilst an extended response 
region similar to that described by Gill et al. [139] is also identified in Figure 5.8 as 
occurring between 405˚ and 480˚. 
 
 
Figure 5.8: A plot showing a close-up of the injector fault related portion of an AE 
signal recorded with the three regions of interest  
 
As Figure 5.8 shows, two pulses can be seen within the premixed/diffusion 
combustion region. The first pulse within the premixed and diffusion combustion 
region is seen to occur at approximately 367˚. This event, based upon its timing, is 
identified as an initial combustion pulse similar to those identified by Frances et al. 
[84]. The second pulse seen at approximately 395˚ within the premixed and diffusion 
combustion region however remains unidentified.  
 
Figure 5.9 shows a close-up view of the injector fault related portion of an AE signal 
recorded under the misfire operating condition, and as can be seen, the misfire 
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operating condition is readily distinguishable by the general reduction in amplitude 
of the AE activity within all of the previously identified regions. Although the 
amplitude of the AE activity within all of the three regions is greatly reduced Figure 
5.9 shows that a relatively small AE pulse occurs at approximately 382˚. Based upon 
the crank-angle timing of this event, it is believed that this pulse; which is usually 
disguised by combustion related AE activity, is caused by piston slap as the piston in 
the misfiring cylinder proceeds through the TDC position and on its downward 
stroke. It is further thought that the relatively small size of the piston slap related AE 
pulse seen in Figure 5.9 is an indication of the reasonably new condition of the PCI 
in the Cummins test engine. 
 
 
Figure 5.9: A plot showing a close-up of the injector fault related portion of an AE 
signal recorded during the misfire engine operating condition 
 
5.3.2 Time-Frequency Observations 
AE signals recorded during the hole-type nozzle fault test from the Cummins test 
engine were also examined with regards to time-frequency features. Spectrograms, 
generated with MATLAB® software, were used to display the time-localised power 
spectral density estimate [184] of the combustion related portion of the recorded AE 
signals. The time-frequency spectrogram plots for the combustion related portions of 
the normal and large hole-type nozzle fault AE signals are displayed in the upper 
plots of Figure 5.10 and Figure 5.11 whilst plots of the respective AE signal portions 
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with respect to crank-angle are displayed in the lower plots. Also highlighted in 
Figure 5.10 and Figure 5.11 are the three previously mentioned regions. 
 
Figure 5.10: A time-frequency spectrogram plot of the AE signal from the engine 
operating normally (upper plot) with corresponding crank-domain plot 
 
 
Figure 5.11: A time-frequency spectrogram plot of the AE signal from the bad 
injector fault condition (upper plot) with corresponding crank-domain plot 
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The injector operation region of the spectrogram shown in the upper plot of Figure 
5.10 shows that under normal conditions, the majority of signal energy in this region 
is associated with frequencies under approximately 190 kHz. Comparisons between 
the injector operation region of Figure 5.10 and Figure 5.11 shows that the energy 
associated with the injector operation region has diminished indicating a decrease in 
AE activity from injector operation and high pressure fuel flows through the fuel 
injector body and nozzle holes.   
 
The premixed/diffusion combustion region of the spectrogram shown in Figure 5.10 
shows that the initial combustion pulse seen to commence at 365˚ generates energy 
throughout the entire frequency range shown. Comparisons between the initial 
combustion pulses in Figure 5.10 and Figure 5.11 shows that even under the bad 
fault conditions the combustion pulse and resultant shock loading continues to 
generate energy throughout the entire frequency range shown. Comparisons between 
the energy levels associated with the extended response regions in Figure 5.10 and 
Figure 5.11 suggests that the signal energy contribution in this region is mainly 
associated with frequencies less than 180 kHz. 
 
5.4 Characterisation of Injector Nozzle Fault Related Acoustic Emission 
Following the initial observations, an AE energy based analysis using recorded 
injector fault test AE data was undertaken for both hole and pintle-type injector 
nozzle faults using the DAQ systems, setups and procedures outlined in Chapter 4. 
Recorded AE signals during the pintle-type nozzle fault tests were converted into 
analog root-mean square (RMS) signals before being digitised and recorded whilst 
during the hole-type nozzle fault tests raw AE signals recorded were converted into 
AE RMS as a post-processing step due to the unavailability of some of the DAQ 
equipment.  
 
5.4.1 Hole-Type Nozzle Fault Related Acoustic Emission 
The AE signals recorded from the Cummins engine were converted to AE RMS and 
averaged using approximately 100 engine cycles. Once averaged, a windowed 
portion of the signals was used to isolate injector fault related AE RMS signal 
portions. The interval used to isolate these signal portions of interest was defined as 
being between 350˚and 380˚ (10˚ before TDC to 20˚ after TDC). The start of the 
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interval was selected in order to capture any AE activity arising from fuel line 
pressure build-up, injector operation and high velocity fuel flow through the injector 
nozzle and was based upon previously recorded injector operation data that identified 
fuel injection as occurring 1 to 2˚ before TDC.  
 
The length of the interval was selected in order to ensure the capture of AE activity 
arising from premixed combustion pulses. Figure 5.12 highlights the interval used in 
isolating those AE RMS signal portions of interest by showing an averaged AE RMS 
signal and the signal interval of interest along with comparative TDC and pressure 
reference signals.  
 
 
Figure 5.12: The windowed interval used during the hole-type nozzle fault analysis  
 
Total energy for the signal interval of interest was calculated as a summation of the 
windowed AE RMS signal portions according to Equation 4.3. The resultant summed 
energy values for the full load and half load engine settings have been presented 
graphically as Figure 5.13(a) and (b) respectively. Initial comparisons between the 
engine head and block energy values in Figure 5.13(a) and (b) highlight the 
attenuation related energy differences between AE signals recorded from the engine 
head and block. However, as seen, the head and block mounted sensors both capture 
similar overall trends in terms of the induced fault conditions.  
 
 
 
Chapter 5: Acoustic Emission Signal Features Associated with the Two Main Types of Diesel Engine Fuel Injector Nozzles 
 85  
Figure 5.13(a) shows that for the half load engine setting, increasing fault severity 
results in progressive decreases in summed energy values. A similar progressive 
decrease in summed energy values between the misfire, large fault and normal 
conditions is also evident in Figure 5.13(b) for the full load case however the large 
summed energy value identified as being due to a larger initial combustion pulse is 
again evident for the small fault case.  
 
 
(a) 
 
(b) 
 
Figure 5.13: Graphs showing summed energy values for the hole-type nozzle fault tests 
for (a) full load and (b) half load engine operation 
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Summed energy values were also calculated for smaller signal windows in order to 
analyse the energy associated with smaller signal intervals. The first of these smaller 
windows encompassed the interval between 350˚ and 360˚ (TDC) and was used to 
capture AE signal energy associated specifically with fuel line pressure build-up, 
injector operation and high pressure fuel flow. A second window, encompassing the 
interval between 360˚ (TDC) and 370˚ was used to capture information regarding the 
commencement of combustion and the generation of initial combustion related 
pulses whilst a third window encompassing the interval between 370˚ and 380˚ was 
used to capture information regarding the subsequent progression of combustion.  
 
The calculated small window interval AE energy values for the head mounted 
sensors are presented graphically for the full load and half load engine settings as 
Figure 5.14(a) and (b) respectively. Figure 5.14(a) and (b) show that for the two load 
settings used, the misfire related energy values for all three windowed intervals was 
consistently low indicating an absence of injector operation related AE energy in the 
first interval and an absence of initial combustion pulses and combustion related AE 
activity in the second and third intervals.  
 
The elevated AE energy values displayed by Figure 5.14(a) and (b) in the first 
windowed interval for the normal and small fault conditions are interpreted as 
indicating increased injector operation related AE activity when compared to the 
misfire and large fault condition. The elevated AE energy values seen for the second 
and third intervals for the normal, small and large fault conditions are interpreted as 
indicating the presence of both premixed and diffusion combustion for these fault 
conditions. 
 
Figure 5.14(a) and (b) both also show that the large fault condition summed energy 
values for the first interval are comparable to the misfire values. As with the misfire 
case, this is interpreted as indicating a large reduction in injector operation related 
AE activity. When compared to the misfire energy values, the increased large fault 
AE energy values in the second and third windowed intervals in both Figure 5.14(a) 
and (b) shows that although reduced, the quantity of injected fuel still results in 
premixed and diffusion combustion related AE activity.  
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(a) 
 
(b) 
 
Figure 5.14: Graphs showing summed energy values from the three intervals for the 
hole-type nozzle fault tests for (a) full load and (b) half load engine operation  
 
Also evident when considering the large fault energy values displayed in Figure 
5.14(a) and (b) is the substantial increase in AE energy between the first and second 
window intervals. This increase in AE energy is thought to be indicative of the poor 
fuel spray characteristics associated with the induced nozzle fault and a consequent 
 
 
Characterisation of Combustion Related Acoustic Emission Sources for Diesel Engine Condition Monitoring 
 88 
increase in the severity of an initial premixed combustion pulse, even though the 
overall mass of injected fuel is substantially reduced. 
 
5.4.2 Pintle-Type Nozzle Fault Related Acoustic Emission  
During the pintle-type nozzle fault tests, analog AE RMS signals were recorded 
using the data acquisition setup detailed in Chapter 4 from an AE sensor located on 
the engine head. These AE RMS signals were averaged using approximately 250 
engine cycles from each test setting using a simultaneously recorded TDC signal. 
Once averaged, a windowed portion of the signals was used in a similar fashion to 
that described in the previous section to calculate summed energy. As injection in the 
Perkins engine commences at 22˚ before TDC, the windowed interval used in the 
pintle fault analysis encompassed a signal interval between 338˚and 380˚ (22˚ before 
TDC to 20˚ after TDC). Figure 5.15 shows the interval used in calculating the 
summed energy along with an averaged AE RMS signal and comparative plots of 
pressure and TDC.  
 
Figure 5.15: The windowed interval used during the pintle-type nozzle fault analysis 
 
The summed AE RMS values corresponding to the various pintle nozzle fault test 
settings are displayed graphically as Figure 5.16. As seen, Figure 5.16 shows that a 
progressive reduction in the total windowed interval energy is evident under the full 
load condition between the normal, incorrect geometry, and badly damaged pintle 
fault cases however this trend is not evident for the no load case. Indeed, energy 
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values for the no load case are seen to increase marginally indicating the absence of 
any consistent energy trends for the two load settings.  
 
 
 
Figure 5.16: Graph showing summed energy values for the pintle nozzle fault tests 
 
Summed energy values were also calculated for three smaller windowed signal 
intervals in order to capture AE signal energy associated with injector operation and 
combustion. The first of these encompassed an interval between 338˚ and 360˚ whilst 
the second windowed interval encompassed 360˚ (TDC) to 370˚. The third interval 
spanned 370˚to 380˚. The windowed energy values from the three smaller intervals 
are presented graphically for the two loading conditions as Figure 5.17(a) and (b).   
 
Figure 5.17(a) shows that the majority of summed energy values for the no load 
engine load setting occurs in the 370˚ to 380˚ window for both normal and pintle 
fault conditions. As the summed energy levels in the 370˚ to 380˚ window for the no 
load engine setting show a substantial increase in relative amplitude over the 
corresponding full load plot, it is thought that this combustion related AE activity 
arises as a consequence of extended ignition delay periods and associated increases 
in the amplitude of premixed combustion related pulses. These increased combustion 
pulses are thought to originate as a consequence of the sub-optimal fuel injection and 
air-mixing characteristics associated with unloaded engine operation. Of particular 
note however is the relative similarity in the plots for the normal and pintle fault 
conditions. This result indicates that whilst the sub-optimal fuel injection and air-
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mixing characteristics associated with unloaded engine operation result in delayed 
combustion pulses, the induced pintle faults themselves have little effect in terms of 
overall AE activity. 
 
 
(a) 
 
(b) 
 
Figure 5.17: Graphs showing pintle-type nozzle test summed energy values for the 
small intervals for (a) no load and (b) full load engine operation  
 
Figure 5.17(b) shows that under full load engine operation, the AE energy for all 
three fault conditions is more evenly distributed between the three intervals. This 
indicates a more even AE energy distribution between the injector operation and 
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combustion related AE sources when compared to Figure 5.17(a). It is thought that 
this result arises as a consequence of the generally more effective injection, air-
mixing and combustion characteristics associated with full load engine operation 
when compared to the no load case.  
 
The results presented in Figure 5.17(a) and (b) show that for the induced pintle-type 
nozzle faults, AE activity is primarily associated with engine load and the associated 
variation in injected fuel quantity however the similarity between the normal and 
fault related summed energy plots shown in Figure 5.17(a) and (b) indicates that the 
induced pintle faults themselves have little effect in terms of overall AE activity. The 
lack of pintle nozzle fault related AE activity highlights the added immunity to poor 
fuel spray characteristics that IDI combustion chamber designs have when compared 
to DI designs. 
 
5.5 Chapter Summary  
The results presented throughout Chapter 5 have shown that functional differences 
between hole and pintle-type injector nozzles results in AE which can be specifically 
related to the type of injector nozzle used. During the hole-type nozzle tests, the 
increasingly severe induced nozzle faults resulted in a progressive reduction in the 
amount of injected fuel. Results detailed within Chapter 5 showed that this 
progressive reduction in the amount of injected fuel was generally mirrored by a 
decline in summed AE signal energy between the small fault, large fault, and misfire 
conditions. Increased combustion pulse related AE activity was however identified 
for the small fault case which was identified as being indicative of an increased 
combustion pulse which stemmed from the sensitivity that DI combustion systems 
have to poor fuel spray characteristics. It was also shown that as with the misfire 
case, the severe hole-type nozzle fault resulted in low levels of injector operation 
related AE activity although combustion related AE activity was still identified.  
 
Three different pintle-type nozzle fault conditions were also induced.  It was found 
that the induced pintle nozzle faults did not produce a decrease in cylinder output for 
the crank-angle interval considered as these faults did not result in reduced injected 
fuel quantities. Results presented showed that under the no load operating conditions, 
the injector operation related AE energy could be mainly attributed to combustion 
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related AE sources whilst under full load conditions the AE sources were more 
evenly distributed between injector operation and combustion related sources 
however it was found that the induced pintle nozzle faults themselves have little 
effect in terms of overall AE activity owing to the relative immunity that IDI 
combustion chambers have to fuel spray characteristics. 
 
 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Chapter 6: Detection of Knock Related Acoustic Emission from a Dual-Fuel Diesel Engine Operating with Diesel Fuel and Ethanol 
 93  
Chapter 6  
 
 
Detection of Knock Related 
Acoustic Emission from a 
Dual-Fuel Diesel Engine 
Operating with Diesel Fuel 
and Ethanol 
 
 
 
 
 
 
 
Chapter 6 begins by briefly introducing the dual-fuel Diesel knock phenomenon and 
the use of ethanol fumigation in inducing Diesel knock throughout this investigation. 
The theoretical basis governing combustion chamber resonance is also detailed 
owing to the fundamental role it plays in the knock phenomenon and its use in the 
analytical stages of the investigation.  Subsequent sections detail the results of the 
experimental investigation in which AE based Diesel knock detection was 
undertaken using the Cummins engine setup detailed in Chapter 4. Three different 
engine running conditions were induced during the experimental investigation to 
represent three different dual-fuel Diesel (DFD) knock levels. The DFD knock levels 
were quantified using two techniques. The first technique involved the calculation of 
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average pressure oscillation amplitudes directly from recorded pressure signals using 
pressure oscillation amplitudes whilst the second technique involved the 
decomposition of the combustion window portion of the pressure signal using a three 
level discrete wavelets decomposition. These two knock measures were subsequently 
compared in terms of DFD knock level trends to AE signals.  
 
6.1 Dual-Fuel Diesel Knock  
DFD engines using gaseous primary fuels such as natural gas commonly operate by 
either mixing the gaseous primary fuel with the incoming air to form a mixed air-fuel 
charge, or by directly injecting the gaseous fuel into the combustion chamber. These 
types of engines use a small amount of Diesel fuel to ignite the primary gaseous fuel 
in a fashion similar to SI combustion [186, 187]. It has been stated by researchers 
such as Kubesh and Brehob [188] that knock in DFD engines using gaseous primary 
fuels can occur due to both Diesel Knock, and SI knock mechanisms. Saidi et al. 
[178] mention that the specific contributions of each knock mechanism depends on 
the type of primary fuel used, and amount of pilot fuel injected.  
 
Nwafor [189] characterised gas fumigated DFD combustion as potentially having 
three types of knock; these were Diesel knock, SI knock and erratic knock. Nwafor 
[189] concluded that Diesel knock occurred due to the rapid combustion of pilot fuel, 
the SI knock occurred due to the auto-ignition of the end gas and the erratic knock 
was due to the secondary ignition of the primary fuel. In addition to the knock 
reported in DFD engines using gaseous substitute fuels, researchers have also 
associated severe engine knock with the use of other substitute fuels in Diesel 
engines. For example, severe knock has often been reported as a major drawback 
with the use of fumigated alcohols as a fuel substitute in Diesel engines [190, 191]. 
 
6.2 Induced Dual-Fuel Diesel Knock  
The three different engine running conditions used during the dual-fuel Diesel knock 
test campaign were induced by way of fumigation whereby secondary substitute fuel 
- in this case ethanol - is introduced into the intake air stream. During the dual-fuel 
Diesel knock test ethanol was supplied to the Cummins engine as a substitute fuel by 
way of a secondary fuel system also controlled by the Dynalog control system. 
Ethanol was injected into the incoming air using the low pressure, ethanol injector 
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shown in Figure 6.1. As can be seen, the injector is located on the air intake pipe 
elbow just up stream of the intake manifold.  
 
 
 
 
Figure 6.1: Photograph showing the ethanol injector located on the top of the 
air intake pipe elbow just before the air intake manifold 
 
6.3 Combustion Chamber Resonance 
The pressure fluctuations within the combustion chamber that arise as a consequence 
of premixed combustion and knock are acoustic in nature as their amplitude is small 
compared to the mean in-cylinder pressure at the time they occur [192]. Therefore, if 
the geometry of a direct injection type combustion chamber is approximated as 
cylindrical cavity having plane ends [172], the combustion chamber resonance 
frequencies can be calculated using Equation (6.1), where m, n, and p denote 
circumferential, radial and axial mode numbers respectively and B is the bore 
diameter. L is the axial length and the value  is determined using the Bessel 
function. 
 
  (6.1) 
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The speed of sound, c, is determined using the following thermodynamic relationship 
with R being the gas constant, T is the temperature and γ is the ratio of specific heats.  
 
 (6.2) 
 
Although axial, circumferential and radial modes are associated with cylindrical 
cavity resonance, the axial modes can be excluded in terms of knock intensity as the 
frequencies associated this mode are generally above the audible range [193]. This is 
due to the small axial dimensions when the piston is close to TDC and the high speed 
of sound at combustion temperatures [194]. When the axial term in Equation (6.1) is 
set to zero (p = 0), Equation (6.1) can be rewritten as Equation (6.3). 
 
 (6.3) 
 
Equation (6.3) was used to calculate the first four transverse (radial and 
circumferential) mode frequencies. Based upon other bulk gas values detailed 
previously [193, 195], a bulk combustion temperature estimation of 2000 K was 
used. The calculated resonant frequencies are listed in Figure 6.2 along with a 
diagram adapted from Hickling et al. [192, 193] depicting the corresponding modes.   
 
 
Figure 6.2: The first four transverse modes with corresponding calculated resonant frequencies  
 
Fundamental frequency (ƒ1,0) values calculated for the test engine were validated by 
spectral analysis using fast Fourier transforms from the recorded pressure signals 
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with measured fundamental frequency (ƒ1,0) values ranging between 5100 -5700 Hz. 
It was also found that the majority of the signal energy associated with cylinder 
resonance was contained within the lowest (ƒ1,0) mode. This finding has also been 
noted by other researchers such as Eng [195]. Once a fundamental frequency range 
directly relating to the level of dual-fuel Diesel knock was determined, pressure 
signals were then used to quantify Diesel knock levels.  
 
Whilst discussing Diesel knock intensity measurement, Hsu [171] mentions that 
maximum pressure rise rate (MPRR) has been used to quantify knock intensity when 
the frequency response of pressure measurement system is such that the system is 
unable to sense the individual pressure oscillations. Hsu [171] however, points out 
that MPRR measurements can be misleading when modern instrumentation is used 
as peak MPRR values may not be associated with premixed combustion. Moreover, 
Ren et al. [172] also showed that high pressure rise rates do not necessarily mean 
that Diesel knock is occurring. Ren et al. [172] suggest that more emphasis should be 
placed on the instantaneous resonant frequency due to the direct link between the in-
cylinder pressure oscillations and knock related vibration. Hsu [171] also suggests 
that the best way to quantify Diesel knock is to measure the combustion pressure 
wave (oscillation) energy at the characteristic frequency.  
 
6.4 Knock Severity Measurement 
Figure 6.3(a) shows cylinder pressure traces recorded from the Cummins test engine 
whilst operating with the three different ethanol substitution rates. As Figure 6.3(a) 
shows, these pressure traces have been plotted with respect to crank-angle with the 
combustion related TDC being at 360˚. The portion of the pressure traces highlighted 
as the “knock related region” has been re-plotted in greater detail as Figure 6.3(b) 
whereby those portions of the three different pressure traces between 360˚ and 385˚ 
(from the combustion TDC to 25˚ after combustion TDC) are shown.  Figure 6.3(b) 
shows that for the three different ethanol substitution rates, combustion begins 
between 360˚ and 370˚. Under normal operation the commencement of combustion 
is followed by the presence of relatively small in-cylinder pressure oscillations. 
These oscillations become excessively large under unacceptable knock conditions 
and Figure 6.3(b) indeed highlights one of the large knock related pressure 
fluctuations associated with the e50 ethanol substitution rate.  
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Figure 6.3: Cylinder pressure traces for the three different ethanol substitution rates (a) 
with (b) a close-up view highlighting an individual pressure signal fluctuation 
 
The first technique used in measuring the severity of the induced dual-fuel knock 
involved the calculation of average pressure oscillation amplitudes directly from 
recorded pressure signals by averaging the amplitudes of the first five pressure 
oscillations within individual combustion cycles from each operational regime. This 
process was repeated for five consecutive engine cycles. The average pressure 
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fluctuation amplitude values were; 187 kPa for the e0 operating regime, 139 kPa for 
the e30 regime and 587 kPa for the e50 regime. The average pressure fluctuation 
amplitude values for the three engine operating regimes are shown graphically in 
Figure 6.4. The average pressure fluctuation amplitude for the e50 case represents a 
314% increase over the normal Diesel (e0) amplitude value.  
 
 
Figure 6.4 Plot showing average cylinder pressure fluctuation amplitudes 
 
The second technique used in measuring the severity of the induced dual-fuel knock 
involved performing a three level discrete wavelet decomposition of the pressure 
signals performed using a Daubechies (Db2) wavelet. The results of this 
decomposition were used to calculate the energy associated with combustion for 
specific frequency ranges. The 3.125 to 6.25 kHz frequency range was identified as 
being of particular interest as this range included the fundamental frequency 
associated with combustion chamber resonance and thus, the majority of the knock 
related signal energy.  
 
The energy content increased approximately 352% for the e50 case when compared 
to the e0 case. It was found that the energy content contained in the 3.125 to 6.25 
kHz frequency range of the pressure signal proved as effective in measuring the 
knock severity level as the average pressure fluctuation amplitude method. However, 
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as the overall knock severity trends measured were similar to that shown in Figure 
6.4, plots based on the discrete wavelet decomposition of the pressure signals have 
not been reproduced.  
 
6.5 Detection of Induced Dual-Fuel Diesel Knock 
Factors such as engine block geometry, cooling system galleries and gaskets all 
drastically effect the transmission of AE [91]. As detailed in Chapter 4, in order to 
determine the most effective sensor position in terms of knock detection two separate 
AE sensors were attached to both the engine block and head in close proximity to 
cylinder #1. The relevant combustion related portions of the raw AE signals were 
then isolated between 360˚ and 385˚ and the resultant AE signal portions were then 
converted into AE RMS signals. 
 
6.5.1 Acoustic Emission Sensor Position Comparisons  
As shown in Figure 6.5, the combustion window AE RMS signals from the engine 
head for the e0, e30 and e50 cases are all of similar amplitude indicating an absence 
of recorded dual-fuel knock related AE activity.  
 
 
Figure 6.5: Combustion window AE RMS from the engine head 
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Figure 6.6 shows the combustion window AE RMS recorded from the engine block 
and as can be seen, a sharp increase in the AE RMS level for the e50 case 
commences at approximately 371˚. The increase in AE RMS energy during the e50 
case correlates to the start of the high amplitude pressure fluctuations highlighted in 
Figure 6.3. This increase in AE RMS from the engine block gives a clear indication 
that excessive Diesel knock is occurring.   
 
 
Figure 6.6: Combustion window AE RMS from the engine block 
 
6.5.2 Acoustic Emission Based Knock Indication 
Figure 6.7 shows a trend comparison between the two techniques used to quantify 
the Diesel knock level and the total AE RMS values summed over the interval of 
interest for the engine block AE RMS. The various values have been normalised in 
terms of the normal operation (e0) case. As seen, Figure 6.7 suggests that the 
summed AE RMS from the engine block sensor provides a good indication regarding 
the level of Diesel knock as indicated by the two Diesel knock quantification 
techniques. It is thought that the increased AE RMS detected during the e50 
operational regime is directly related to the transverse (circumferential and radial) 
wave propagation modes associated with Diesel knock.  
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Figure 6.7: A trend comparison between the Diesel knock level quantification techniques 
and the summed AE energy values from the engine block  
 
6.6 Chapter Summary 
The opening sections of Chapter 6 began by introducing the dual-fuel Diesel knock 
phenomenon and describing the experimental setup whereby ethanol fumigation was 
used to induce Diesel knock. Subsequent sections of Chapter 5 detailed the results of 
the experimental investigation in which AE based dual-fuel Diesel knock detection 
has been demonstrated. Three different engine running conditions were induced 
during the experimental investigation to represent three different dual-fuel Diesel 
(DFD) knock levels which were quantified using two techniques. The first technique 
involved the calculation of average pressure oscillation amplitudes directly from 
recorded pressure signals using pressure oscillation amplitudes whilst the second 
technique involved the decomposition of the combustion window portion of the 
pressure signal using a three level discrete wavelets decomposition. These two knock 
measures were subsequently compared in terms of DFD knock level trends to AE 
signals.  
 
Comparisons of the Diesel knock levels associated with the operational regimes 
showed that the e0 and e30 operating regimes had acceptable levels of Diesel knock.  
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However, the excessive levels of Diesel knock induced during the e50 operational 
regime was shown to have pressure fluctuations more that three times higher that the 
e0 and e30 regimes. The findings presented showed that detection of the excessive 
Diesel knock operational regime was possible using AE signals recorded from a 
sensor located on the engine block although it was found that the AE sensor located 
on the head of the engine gave no indication regarding the unacceptably high levels 
of Diesel knock. In addition, further findings show that the trends in windowed AE 
energy recorded from the block accurately mirrored the level of knock present for 
each of the operational regimes as determined using two separate techniques. 
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Chapter 7 
 
 
Characterisation of 
Acoustic Emission 
Associated with Abnormal 
Valve-Train Dynamics in a 
Small Pushrod-Type Diesel 
Engine    
 
 
 
 
 
 
 
 
Chapter 7 presents the results of an investigation that sought to use dynamic valve-
train modelling techniques to characterise valve impact related AE activity within 
signals recorded from a small, multi-cylinder Diesel engine. To this end Chapter 7 
begins by reviewing the role played by engine valve-trains and highlighting the 
importance of correctly controlled valve motion. Subsequent sections of Chapter 7 
detail the process whereby a dynamic valve-train model specific to the engine used 
during the tests was developed and used to predict the characteristics of AE signals 
recorded from a test engine operating with abnormal valve-train dynamics induced 
using valve lash adjustments. The latter sections of Chapter 7 go on to show that 
information regarding dynamic behavior of engine valves can be used as a 
 
 
Characterisation of Combustion Related Acoustic Emission Sources for Diesel Engine Condition Monitoring 
 106 
framework to characterise recorded AE signals in terms of valve impact related AE 
generating events.  
 
7.1 Valve Motion and Valve-Train Dynamics 
Correct engine valve motion is necessary in order to maintain optimum engine 
reliability, efficiency and performance and indeed, as mentioned by Wang [151] 
incorrectly controlled valve motion or “abusive dynamics” is often a major factor in 
engine valve failure. Figure 7.1, shows an example of stylised valve displacement, 
velocity and acceleration curves and some of the associated features of interest. 
 
 
Figure 7.1: Valve lift, velocity and acceleration plots [151] 
 
As Figure 7.1 shows, engine valve-train designs typically incorporate a dwell (hard-
stop) into engine valve-train designs by either including a compliant link in the 
valve-train or maintaining a set valve lash clearance [196]. This ensures tight valve 
closure and the maintenance of good valve-to-insert contact for heat transfer. Figure 
7.1 also highlights the incorporation of a closing ramp within the lift plot. Ramps 
located at both the opening and closing portions of the cam profile are designed to 
maintain correct valve opening and closing velocities and minimise valve train 
vibration [197].  
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The importance of engine valve motion control is reflected in the extensive and long 
running research that has been undertaken regarding cam design and the 
development of valve-train dynamic models. For example, earlier examples of cam 
and valve motion related research have been presented by Thoren et al. [198], 
Dudley [199] and Barkan [200] whilst more recent investigations have been 
presented by researchers such as by Jeon et al. [201], Norton et al. [197] and Qin 
and He [202]. The dynamic modelling and simulation of overhead valve, push rod 
(PR) type valve-trains such as the design shown in Figure 7.2 has also been 
investigated by many other researchers.  
 
Examples detailing the dynamic modelling and simulation of PR-type valve-trains 
include those by Akiba et al. [203] in which studies were presented whereby both 
single and double mass models were used to investigate problematic valve-train 
behavior and Akiba and Kakiuchi [204] in which valve impulse force was 
investigated using a five mass model.  More recent examples include studies by 
Mclaughlin and Haque [205] who used multi-body simulation to predict valve-train 
behavior such as valve bounce in high speed race engines and Teodorescu et al [206] 
whereby an integrated dynamic and tribological approach to the modelling of an 
inline, four-cylinder Diesel engine valve-train was undertaken. 
 
 
Figure 7.2: Schematic showing a pushrod-type engine valve-train [207]  
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Regarding the applicability and accuracy of dynamic models in modelling valve-
train behavior, Akiba et al. [203] concluded that a single mass model agreed 
reasonably well with experimental data although abnormal valve-train behavior such 
as spring surge and valve bounce were more effectively modeled using the detailed 
two-mass model. Indeed this general observation is supported by Norton [196] as he 
points out that it is generally agreed that lumped parameter single degree-of-freedom 
(DOF) models adequately model most aspects of the dynamic behaviour of cam-
follower systems. It is apparent that the added complexity of the dynamic models 
featured in many recent investigations has to a large degree been necessary in order 
to more accurately model specific abnormal valve-train behavior rather than as a 
consequence of  any  general inaccuracy on behalf of the lumped parameter single 
DOF models. 
 
7.2 Qualification of Valve Lash Induced Valve Motion 
Changes in valve lash settings and the attendant changes in valve-train dynamics are 
symptomatic of a broad range of faults on both the valve-side, and the cam-side of 
the lash clearance. For example increased valve lash clearances can be symptomatic 
of cam side faults such as worn cam lobes and followers whilst decreased valve lash 
is indicative of valve side faults such as worn valve seats and faces. In order to 
induce realistic abnormal valve-train dynamics as could be expected from faults on 
both the valve-side, and the cam-side of the lash clearance, valve lash clearance 
adjustments were made on the inlet valve of cylinder 1 in the Perkins engine. As 
highlighted by Figure 7.3, these adjustments were made using a feeler gauge in the 
recommended manner [143].  
 
 
Figure 7.3: Diagram highlighting valve lash adjustment [143] 
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Inlet valve-lash adjustment values were selected in order to realistically simulate the 
dynamic valve-train effects associated with both valve-side, and the cam-side faults. 
The dynamic valve-train effects associated with an incipient valve-side fault were 
induced by decreasing the valve-lash setting from the standard 0.20 mm setting to 
0.10 mm. whilst the dynamic valve-train effects associated with an incipient, 
progressively increasing cam-side fault were induced by increasing the valve-lash 
setting from the standard 0.20 mm setting to 0.28 mm and 0.35 mm.  
 
Figure 7.4 shows a plot of static (engine not running) valve lift as dictated by the cam 
profile in terms of crank-angle. Superimposed on the valve lift plot are the four 
horizontal lines that are representative of the four valve-lash settings used during 
testing. The point at which the valve-lash setting lines intersect the valve lift plot 
represent the point at which the valve-lash clearance is taken up and the valve begins 
to follow the valve lift plot as dictated by the cam profile. This information can be 
used to predict the approximate valve actuation timing values associated with the 
different valve lash settings. As examples, the valve opening and closing regions 
highlighted in Figure 7.4 has been reproduced as Figure 7.5(a) and 7.5(b) in which 
the approximate valve actuation positions for the different valve lash settings are 
identified. 
 
 
Figure 7.4: Static valve lift and the four valve lash engagement lines with the valve 
opening and closing regions highlighted 
 
 
Valve Opening 
Region 
 
Valve Closing 
Region 
 
 
Characterisation of Combustion Related Acoustic Emission Sources for Diesel Engine Condition Monitoring 
 110 
 
(a) 
 
(b) 
 
Figure 7.5: Plots showing static valve lift and the four valve lash engagement lines for 
the (a) valve opening and (b) valve closing regions 
 
As Figure 7.5(a) shows, when the valve lash is set to the recommended value of 0.20 
mm, valve actuation occurs on the opening ramp portion of the valve lift profile at 
 
0.10 mm IVC 
0.20 mm IVC 
0.28 mm IVC 
0.35 mm IVC 
0.10 mm IVO 
0.20 mm IVO 
0.28 mm IVO 
0.35 mm IVO 
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approximately 350˚. For the 0.10 mm valve lash setting, Figure 7.5(a) shows that 
valve actuation also occurs on the opening ramp portion of the valve lift profile 
however the 0.10 mm valve lash setting results in early valve opening at 
approximately 312˚. With respect to the 0.28 mm and 0.35 mm valve lash settings, 
Figure 7.5(a) shows that valve actuation no longer occurs on the opening ramp 
portion of the valve lift profile and that these increased lash settings result in late 
valve opening. It is also evident that as the valve opening events for the 0.28 mm and 
0.35 mm valve lash settings no longer occur on the opening ramp portion of the 
valve lift profile, the associated velocities will be larger than the velocities associated 
with the 0.10 mm and 0.20 mm lash settings.  
 
With regards to valve closure, Figure 7.5(b) shows that a similar situation to that just 
described is once again evident with the valve closing events for the 0.28 mm and 
0.35 mm valve lash settings occurring before the closing ramp portion of the valve 
lift profile. Figure 7.5(b) also shows that the valve closing event for the 0.20 mm and 
0.10 mm valve lash settings both occur on the closing ramp portion of the valve lift 
profile although the 0.10 mm lash setting results in late valve closure. At this point it 
is again iterated that the plots presented in Figures 7.4 and 7.5 are based solely on 
static valve lift data and thus cam profile and so do not include the dynamic effects 
of engine operation. Therefore in order to effectively identify and map valve impact 
related activity which, as pointed out in Chapter 2 is widely recognised as a source of 
AE, it becomes necessary to develop a dynamic valve-train model in order to predict 
and characterise the valve lash related changes in dynamic valve motion. 
 
7.3 Development of the Perkins Dynamic Valve-Train Model 
The first step taken in dynamically modelling the Perkins valve-train involved the 
development of a multi-DOF dynamic model of the Perkins valve-train which is of 
an overhead valve, push rod design similar to that previously shown in Figure 7.2. 
As was mentioned, valve motion is dictated by the cam profile which acts through 
the various components that make up the valve-train whilst the correct valve 
actuation timing is maintained with respect to the engine cycle through the use of 
toothed timing belts, chains or gears. During valve-train operation, valve motion is 
initiated when the valve lash clearance has been taken up and the cam profile begins 
to push the tappet (cam follower) and pushrod upwards. This upwards motion in turn 
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acts through the rocker arm to open the valve which is then closed by the valve 
spring. 
 
The Perkins valve-train and its components were modeled using similar modelling 
approaches to those detailed by Barkan [200] and Norton [196] as a five-DOF model 
which is shown in Figure 7.6. As shown, the camshaft and cam profile have been 
modeled as being rigid and acting upon the valve-train through a mass-less “contact 
shoe” [196]. The mass of the tappet has been denoted as Mtp whilst the spring rate 
and damping parameters have been incorporated into the model as the spring 
element Ktp and the dashpot Ctp respectively. The damping effect due to the 
lubricated contact between the tappet and the engine structure has also been 
incorporated into the model as dashpot Ctpg. Similarly, the mass of the pushrod has 
been denoted as Mpr, whilst the spring rate and damping elements have been denoted 
as t Kpr and Cpr. 
 
 
 
Figure 7.6: The five DOF lumped mass model of the Perkins valve-train 
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In modelling the rocker arm, the approach was taken whereby each side of the 
rocker arm was treated as a cantilever beam therefore two separate mass elements 
were used to account for those portions of the rocker arm associated with the 
pushrod and valve sides. These two mass elements were denoted as Mra and Mrb. 
Separate spring rates and damping parameters were also defined as being associated 
with the pushrod and valve sides of the rocker arm. The spring rate and damping 
parameters associated with the pushrod side of the rocker arm were denoted as Kra 
and Cra respectively whilst the spring rate and damping parameter associated with 
the valve side of the rocker arm were denoted as Krb and Crb.  
 
The bearing contact between the valve stem and valve guide is also incorporated into 
the model as Cvbg. The reciprocating portion of the valve spring mass and the 
associated masses of the spring retainer, keepers, valve cap and the upper half of the 
valve stem were lumped together as Mvs whilst the valve head and lower half of the 
valve stem have also been lumped together and denoted as Mvh. The bearing contact 
between the rocker arm and the engine structure has also been incorporated as 
dashpot Crbg and the spring rate and damping parameter associated with the valve are 
denoted as Kv and Cv. 
 
As the Perkins valve fault tests were to be conducted under normal engine operating 
conditions, it was assumed that abnormal valve-train behavior such as spring surge 
and valve bounce would not occur Therefore, the dynamic model of the Perkins 
overhead valve train was simplified into a single mass, singe DOF lumped parameter 
dynamic model using a similar procedure to those detailed by Norton [196] and 
Barkan [200].  
 
The first step taken in simplifying the dynamic model was to combine the spring, 
mass and damper elements on each side of the rocker arm to produce an equivalent 
two DOF, two mass model. This model was in turn, further simplified to generate 
the equivalent single DOF, lumped mass model in shown in Figure 7.7. In evaluating 
valve-train component parameters, component masses were measured directly whilst 
spring rates were calculated using relevant material properties. However, at this 
point it is noted that whilst it was relatively simple to measure component masses 
and evaluate the spring rate terms, the direct evaluation and calculation of individual 
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damping terms was not possible due to the difficulties associated with calculating 
these parameters. Rather, an approach was used whereby it was assumed that the 
overall damping effects could be approximated using overall external and internal 
damping coefficients. The overall external damping coefficient was used to define 
the damping effects occurring due to the lubricated friction between valve-train 
components and the engine structure. The overall internal damping coefficient was 
used to define the damping occurring between the components of the valve-train 
itself. An overall external damping coefficient of 0.185 was adopted from literature 
[200] whilst an overall internal damping coefficient of 0.105 was determined 
experimentally. Detailed descriptions of this experiment and the determination of the 
other relevant parameters are contained within Appendix A. 
 
 
 
Figure 7.7: The simplified single DOF lumped mass Perkins valve-train model  
 
Following the development of the single DOF model shown in Figure 7.7, it was 
necessary to formulate the equations of motion using a general numerical solution as 
the forcing function F(t), could only be defined using valve lift data measured 
directly under static conditions from the Perkins engine. The equation to be solved 
therefore is shown in general terms as Equation 7.1 with nF  being the incremental 
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force value, t∆  being the time step increment and τ being the time value within the 
interval. 
 
)(2 12 τωξω
t
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+ −+=++                 (7.1) 
 
Solution of Equation 7.1 results in Equations 7.2 and 7.3 which define valve motion 
for the Perkins valve-train. A detailed description of the method used to measure the 
valve lift data along with descriptions regarding the derivation and solution of 
Equations 7.1, 7.2 and 7.3 is contained within Appendix B. 
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Solution of the Perkins dynamic valve-train model enabled the dynamic behavior of 
the Perkins engine inlet valve to be characterised in terms of the different valve lash 
settings used during the testing phase of the work. More specifically, using the 
dynamic model it was possible to predict and map the AE producing valve impact 
events in terms of both position and magnitude. As an example, Figure 7.8(a) and 
7.8(b) show the static valve lift and dynamic valve motion plots with respect to 
crank-angle for the 0.10 mm and 0.35 mm valve lash settings. Figure 7.8(a) shows 
that the abnormally small valve lash setting of 0.10mm results in early valve opening 
at approximately 310˚ and in late valve closure at approximately 615˚.  
 
Figure 7.8(b) shows that the excessive 0.35 mm valve lash setting results in late 
valve opening at approximately 355˚and early valve closure at approximately 570˚. 
It is also seen in Figure 7.8(a) and 7.8(b) that for the 0.10 mm lash setting the valve 
opening and closing events occur on the opening and closing ramp portions of the 
valve lift curve whilst for the excessive valve lash case the valve opening and 
closing events occur after and before the respective opening and closing ramps. The 
increased velocity and acceleration associated with this late valve actuation results in 
a larger initial perturbing force which is in evidence when considering the larger 
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amplitude “ripple” that is associated with the 0.35mm dynamic valve motion plot 
when compared to the 0.10mm dynamic valve motion plot.  
 
 
(a) 
 
 
(b) 
 
Figure 7.8: Plots showing static and dynamic valve lift for (a) the 0.10 mm valve 
lash setting and (b) the 0.35 mm valve lash setting  
 
The valve opening and closing timing values predicted by the dynamic valve-train 
model for the four different valve lash settings are listed in Table 7.1 along with the 
corresponding valve opening and closing velocities associated with an engine speed 
of 1500 rpm. Of particular note in Table 7.1 are the large increases in both opening 
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and closing velocities seen for the 0.28 mm and 0.35 mm valve lash settings as these 
valve opening and closing velocities are no longer controlled by the opening and 
closing ramps. At this point it is noted that whilst the dynamically modeled valve 
motion appears consistent with measurements of static valve lift, validation of the 
Perkins valve-train dynamic model using experimental measurements of dynamic 
valve motion was not possible given the difficulties associated with undertaking the 
necessary tests. 
 
Table 7.1 Predicted valve actuation data from the Perkins dynamic valve-train model 
 
Parameter  
Valve Lash Setting 
0.10 mm 0.20 mm 0.28 mm 0.35 mm 
Valve Opening (crank-angle degrees) 314.2 350.3 353.7 355.7 
Valve Closing (crank-angle degrees) 617.6 590.8 573.4 570.8 
Valve Opening Velocity (mm/s) 46.8 144.9 273.6 358.8 
Valve Closing Velocity (mm/s) 133.9 167.4 730.9 1352.0 
 
Figure 7.9 shows a plot of the predicted valve actuation timing and velocities from 
Table 7.1. As Figure 7.9 shows, the predicted valve closing velocities are in general 
higher than the respective valve opening velocities with the valve closing velocity 
predicted for the 0.28 mm and 0.35 mm valve lash cases being particularly 
noteworthy. 
 
 
Figure 7.9: Dynamically modelled valve timing and velocity values for the different 
valve lash settings  
 IVO Events IVC Events 
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The predicted valve actuation timing and velocities highlighted in Figure 7.9 provide 
a framework with which it is possible to identify and characterise valve impact 
related AE activity within signals in terms of both timing and impact related signal 
energy associated with different valve-lash settings.  
 
7.4 Characterisation of Valve Lash Related Acoustic Emission  
During the abnormal valve-train dynamics series of tests raw AE and AE RMS 
signals were both recorded from an AE sensor positioned in close proximity to 
cylinder 1 using the sensor and DAQ setup detailed in Chapter 4. Initial observations 
were made using the relevant portions of the AE signals identified using the inlet 
valve opening (IVO) and closing (IVC) timing values listed in Table 7.1. Figure 7.10 
highlights the identification of the relevant AE signal portions process by windowing 
the appropriate IVO and IVC portions of a baseline (0.20 mm lash) AE signal from 
one engine cycle recorded under full load conditions. 
 
 
Figure 7.10: Plot showing the IVO and IVC related portions of an AE signal  
 
Figures 7.11(a) to (d) show a close-up view of the four the IVO AE signal windows 
that correspond to AE signals recorded under full load engine operation for the 0.10 
mm, 0.20 mm, 0.28 mm and 0.35 mm valve lash settings respectively. As can be 
seen, it is evident that no IVO related AE activity has been recorded for any of the 
lash settings used. This finding illustrates that the AE activity generated by the IVO 
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impact event occurring between the valve stem cap and the wear inset located on the 
valve-side tip of the rocker arm does not result in appreciable AE activity at the AE 
sensor position on the main structure (head) of the engine. Figures 7.12(a) to (d) 
show a close-up view of the four the IVC AE signal windows that correspond to the 
0.10 mm, 0.20 mm, 0.28 mm and 0.35 mm valve lash settings. As can be seen, in this 
case the AE signal pulses associated with the excessive valve lash settings are readily 
discernable owing to the direct AE transmission path between the impact event and 
AE sensor. 
 
 
Figure 7.11: Plots showing the IVO AE signal windows with respect to crank-angle 
from the (a) 0.10 mm (b) 0.20 mm (c) 0.28 mm and (d) 0.35 mm lash settings 
 
 
Figure 7.12: Plots showing the IVC AE signal windows with respect to crank-angle 
from the (a) 0.10 mm (b) 0.20 mm (c) 0.28 mm and (d) 0.35 mm lash settings 
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Figure 7.12(a) suggests that the IVC event for the 0.10 mm lash setting does not 
result in measurable AE pulses. This could be due to the low valve impact energy 
associated with this lash setting.  Figure 7.12(b) shows that the 0.20 mm lash setting 
does result in an IVC event related AE pulse which is seen to commence at 
approximately 590˚ as predicted by the dynamic model. It is noted however that the 
particular AE event shown is of relatively small amplitude. It is also noted that the 
0.20 mm IVC event closely follows another AE pulse associated with mechanical 
events in one of the other cylinders which can be seen to end at approximately the 
same time as the IVC event commences. Figures 7.12(c) and 7.12(d) show that the 
two excessive valve lash settings resulted in large IVC related AE pulses at positions 
similar to those listed in Table 7.1.  Based upon these initial observations, further 
investigations regarding the IVC event related AE characteristics were undertaken 
using averaged AE RMS signals. Before continuing however, the severity of the 
induced valve-lash faults were qualified in terms of engine performance. 
 
7.4.1 Valve Lash Setting Related Combustion Effects 
The severity of the induced valve-lash faults was quantified in terms of combustion 
using averaged cylinder pressure signals. These signals were averaged using 
approximately 300 individual engine cycles using simultaneously recorded TDC 
signals.  Figures 7.13 (a) and (b) shown below show the averaged pressure signals 
from the valve lash tests for full load and no load engine operation whilst the 1/3 and 
2/3 load plots are not displayed due to their similarity. 
 
   
   (a)        (b) 
Figure 7.13: Averaged pressure traces from the valve lash tests for (a) full load and 
(b) no load engine operating conditions 
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As Figures 7.13(a) and (b) show, the various valve lash settings used did not 
significantly affect the combustion performance of the Perkins engine throughout the 
valve lash tests and indeed, very little difference in terms of both overall amplitude 
and pressure trace profile is seen between the various valve lash settings. These lash 
setting related combustion effects were further quantified using the full load pressure 
traces shown in Figure 7.13(a) whereby using maximum relative pressure values, it 
was found that the most severe valve-lash related combustion effect occurred during 
the 0.10 mm valve lash setting. The maximum averaged relative pressure value for 
the 0.10 mm valve lash setting test was 1.8 % lower in terms of maximum amplitude 
than the corresponding value recorded during the baseline (0.20 mm valve lash 
setting) test. 
 
7.4.2 Characteristics Associated With Valve Closure 
In order to further investigate the AE activity associated with valve closure, AE RMS 
signals recorded during the valve-lash tests were averaged using simultaneously 
recorded TDC signals using approximately 640 engine cycles from each operational 
setting. Those portions of the averaged AE RMS signals related to the valve closure 
events were isolated using the IVC position values listed in Table 7.1. The isolated 
signal portions encompassed a 15˚ window of the averaged AE RMS signals that 
commenced 5˚ before the relevant IVC timing value. These signal portions were 
summed over the 15˚ window of the averaged AE RMS signals in order to calculate 
the total IVC related window energy.  
 
Figure 7.14 highlights the windowing process described by firstly showing a zoomed 
view of the general region between 555˚ and 630˚ where the IVC events for all of the 
valve lash settings were expected to occur. Secondly, Figure 7.14 shows the 
individual 15˚ signal windows specific to each valve lash setting. It is worth noting 
that the signal windows for the excessive lash settings are located close to each other 
in terms of crank-angle as the IVC event timing associated with these two valve-lash 
settings is no longer governed by the closing ramp portion of the cam profile. 
 
In order to further investigate and qualify whether the 0.10 mm lash related IVC 
event resulted in measurable AE, summed AE energy was calculated with the 0.10 
mm window being applied to the 0.20 mm valve lash data. Comparisons of these 
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energy values showed that the summed AE energy values calculated for the 0.10 mm 
lash setting were 5% to 20 % larger than the AE energy due to noise alone. Whilst 
this suggests that the 0.10 mm lash related IVC event does in fact contribute to the 
overall energy values calculated, this contribution is small.  
 
 
Figure 7.14: Plots of averaged AE RMS showing a zoomed view of the general region 
of interest along with the valve lash setting specific signal portions 
 
The summed 15˚ window energy values for each valve lash setting have been 
calculated for the four different engine loads and are presented graphically as Figure 
7.14.  As Figure 7.15 shows these energy values increase with each successive lash 
setting. The marginal increase in energy shown between the 0.10 mm and 0.20 mm 
cases is consistent with the marginal modeled velocity increases that are associated 
with the ramp portion of the valve motion profile.  
 
The progressive increase in summed window energy seen between the 0.20 mm, 0.28 
mm and 0.35 mm settings for all of the loads used is also consistent with the 
predicted velocity increases as the IVC event moves away from the closing ramp 
portion of the valve motion profile due to the increased 0.28 mm and 0.35 mm valve 
lash clearances. 
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Figure 7.15: Plots of summed window energy values with respect to valve lash setting 
 
Figure 7.16 highlights the association between the summed IVC window AE energy 
values and calculated valve velocity by showing a plot of the summed IVC window 
energy values averaged across the different load settings along with the 
corresponding dynamically modeled IVC velocities normalised using the 0.20 mm 
valve lash values. It is recognised however, that further quantitative comparisons are 
irrelevant due to the inability to validate the dynamic valve-train model and hence, 
accuracy of the calculated IVC velocities.  
 
 
Figure 7.16: Normalised plots showing summed AE IVC energy and modeled IVC velocity 
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Figure 7.17 shows the summed window energy values for the different valve lash 
settings plotted in terms of the different engine loads used throughout the test. As 
seen, total window energy values increase with each successive lash setting however 
no consistent trend in terms of engine load is seen. This relationship is also consistent 
with the modelling phase outlined as the modelling process outlined highlights 
engine (camshaft) speed as the dominant engine operating parameter in terms of 
valve-train dynamics.  
 
 
Figure 7.17: Plots of summed window energy values with respect to engine load 
 
7.5 Chapter Summary  
Chapter 7 presented results from an investigation whereby a dynamic valve-train 
model specific to the Diesel engine used during the tests was developed and used to 
identify and characterise AE activity within signals recorded from a multi-cylinder 
Diesel engine operating with abnormal valve-train dynamics induced by way of 
incorrectly set valve-lash adjustments. The predicted dynamic valve motion 
information showed that reduced valve lash settings would result in early valve 
opening and late valve closing whilst it was also predicted that excessive valve lash 
settings would result in late valve opening and early valve closing. The predicted 
dynamic valve motion also showed that for the reduced lash setting case, the valve 
opening and closing events continued to occur on the opening and closing ramp 
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portions of the valve lift curve. For the  excessive valve lash settings however,  the 
valve opening and closing events where seen to occur after the opening ramp portion 
of the valve lift curve and prior to closing ramp portion of the valve lift curve 
respectively. The dynamic modelling predicted that this situation would cause large 
perturbing forces in the valve-train which in turn would generate excessive valve 
closing velocities. 
 
Initial investigations whereby predicted dynamic valve motion was used in the 
interpretation of recorded AE signals showed that the valve opening impact events 
did not produce appreciable AE activity due to the tortuous AE propagation path 
associated with valve opening impacts. Valve closure however was found to 
generate AE activity which was readily identifiable within recorded AE signals. 
Interestingly, it was also found that the valve lash settings used did not significantly 
affect the combustion performance of the Perkins engine throughout the valve lash 
tests. 
 
The final portion of Chapter 7 showed that information regarding the dynamic valve 
motion behavior predicted by the dynamic model could be used to investigate the 
characteristics of the AE signals recorded from the engine. These sections showed 
that summed AE signal window energy values increased with each successive lash 
setting. The marginal increase in windowed AE energy shown between the reduced 
and normal lash settings was consistent with the predicted marginal velocity 
increases associated with the ramp portion of the valve motion profile. The 
progressive increase in summed window energy seen between the normal and 
increased valve lash settings was found to be consistent with the velocity increases 
predicted by the dynamic valve-train model. 
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Chapter 8 
 
 
Detection and 
Characterisation of 
Acoustic Emission Activity 
Associated with Piston Slap 
in a Small Diesel Engine 
 
 
 
 
 
 
 
 
The study featured in Chapter 8 aimed to investigate the identification of AE activity 
associated specifically with the impacts that occur between the piston skirt and 
cylinder wall as a consequence of piston slap. The theoretical timing values of the 
piston slap events were predicted using a piston side-force modelling technique. The 
theoretical timing values were then used in the interpretation of AE signals recorded 
from a Diesel engine in which piston slap of a level consistent with a worn but 
serviceable engine was induced by machining down the piston skirt. Analysis of AE 
using a windowing technique based upon the predicted piston slap timing 
demonstrated that recorded AE signals contained piston slap related activity 
however the latter sections in Chapter 8 show that this activity was generally of low 
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amplitude due to indirect AE propagation paths and the attenuating effects of the 
cooling water jacket. 
 
8.1 The Occurrence of Piston Slap 
Piston slap occurs when the piston undergoes transverse motion within the piston-
cylinder bore clearance causing it to impact on the cylinder wall.  The transverse 
motion and subsequent impacts or “slaps” are the result of a direction change in the 
sideways acting force component of the overall piston force. There are two sets of 
conditions that cause the piston to undergo transverse motion within the cylinder 
bore [162].  
 
The first of these conditions is when the horizontal piston force component changes 
direction due to the pendular motion of the connecting rod. The second condition is 
when the connecting rod undergoes force reversals from compression to tension and 
vice versa. It has been found that the above mentioned conditions can produce up to 
six piston slap events during one four-stroke engine cycle. These six piston slap 
events were found by Fielding and Skorecki [53] to include four piston slap events at 
or near the piston TDC and BDC positions and two near piston mid-stroke positions. 
It is possible to predict the approximate locations at which the piston slap impacts are 
likely to occur by producing a model of the piston side-force and identifying the 
crank-angle values associated with reversals in the direction of the piston side-force.  
 
As outlined by Geng and Chen [163], an expression for the piston side-force can be 
derived by firstly, formulating an expression describing primary piston motion using 
the crank-piston geometry shown in Figure 8.1. Where xp is the displacement of the 
piston; l is the length of the connecting rod; rc is the crank radius; Pi is the piston 
assembly inertia force; Py is the piston side force and ω is the crankshaft rotational 
velocity which in this derivation has been assumed to be constant. Using λ = rc/l, the 
displacement of the piston (xp) is derived in terms of crank angle (ωt) as Equation 8.1  
 
             (8.1) 
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Figure 8.1: Diagram showing crank-piston geometry [163] 
 
Equation 8.1 can be simplified by using its first-term approximation into Equation 
8.2. 
 
               (8.2) 
 
Differentiating Equation (8.1) gives expressions for both piston velocity and 
acceleration: 
 
               (8.3) 
               (8.4) 
 
The inertial piston assembly force Pi is given with m1 denoting the equivalent piston 
assembly mass as Equation 8.5. in addition, the changing pendular angle of the 
connecting rod piston force changes periodically according to Equation 8.6  
 
              (8.5) 
 
                (8.6) 
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Deriving the expression for the piston side force (Py) using the preceding equations 
gives Equation 8.7. 
 
         (8.7) 
 
Figure 8.2 shows a plot of piston side-force for the Perkins engine as modelled using 
Equation 8.7 and as shown by the numbered arrows, there are six crank-angle 
positions at which piston side-force reversals take place.  
 
 
Figure 8.2: Plot showing piston side-force with force reversal positions highlighted 
for one complete engine cycle  
 
The six piston side-force reversals in Figure 8.2 – identified by the piston side force 
plot crossing the abscissa – indicate that there are six positions within the engine 
cycle at which impacts due to piston slap could occur. As Figure 8.2 shows, four of 
the piston side-force reversals; and thus potential piston slap impacts, occur at the 
TDC and BDC positions. These are labeled as 1, 3, 4 and 5.  The other two side-force 
reversals, labeled as 2 and 6 in Figure 8.2, occur at or near the piston mid-stroke 
position. The six piston side-force reversal positions identified in Figure 8.2 are 
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listed and described further in Table 8.1 in terms of their respective crank-angle 
positions within the engine cycle.  
 
Table 8.1: Piston side-force reversal positions and descriptions 
Side-Force Reversal 
Position 1 2 3 4 5 6 
Crank-Angle 0˚ 86˚ 180˚ 360˚ 540˚ 642˚ 
Description Intake-stroke 
TDC   
Intake mid-
stroke 
Compression 
BDC 
Combustion 
TDC 
Power-
stroke BDC 
Exhaust 
mid-stroke 
 
The six piston side-force reversal crank-angle positions identified in Figure 8.2 and 
described in Table 8.1 can be used to predict the crank-angle positions in which the 
piston slap impacts are likely to occur however it is necessary to incorporate a lag to 
account for the time between the piston side-force reversal taking place and the 
impact occurring. A previously detailed study [53] highlighted piston slap events as 
occurring approximately 15˚ to 20˚ after the crank-angle side-force reversal positions 
therefore in identifying the six possible piston slap positions, a lag of 15˚ has been 
included. These six piston slap positions are shown in Figure 8.3 and are numbered 
in the same order as Table 8.1. 
 
 
Figure 8.3: Plot showing predicted piston slap impact crank-angle positions with 
respect to one complete engine cycle  
 
 
1 2 4 3 5 6 
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8.2 Inducing Piston Slap 
In order to induce the excess piston slap, one of the original pistons was removed and 
replaced with a piston having an undersized skirt diameter. The piston skirt diameter 
was machined from the initial diameter of 83.96mm to 83.70mm. This diameter is 
listed as being the piston skirt diameter service limit for the engine used in this study 
[143]. In qualitative terms, this experimental setup approach was adopted to simulate 
a piston having skirt–cylinder wall clearance consistent with an engine reaching the 
end of its service life. Figure 8.4(a) shows the original piston whilst Figure 8.4(b) 
shows the undersized piston with the machined skirt.  
 
 
Figure 8.4: Photographs showing (a) the original piston with the anti-friction coating 
and (b), the undersized piston with the shiny machined skirt 
 
The Perkins engine was operated with the normal and undersized pistons using four 
engine load settings. These load settings were: 0 kW, 5 kW, 10 kW and 15 kW. For 
the Perkins test engine these settings represent nominal no-load, 1/3, 2/3 and full-
load engine running conditions respectively. 
 
8.3 Induced Piston Slap Related Combustion Effects 
The combustion effects arising from the induced excessive piston slap were 
examined using averaged cylinder pressure traces produced using approximately 250 
individual engine cycles. Figures 8.5(a) and 8.5(b) show the averaged pressure 
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signals from the no-load and full- load engine operating conditions respectively. As 
Figures 8.45(a) and 8.5(b) both show, the induced excessive piston slap did not result 
in a reduction in combustion performance. Indeed, based upon both Figure 8.5(a) and 
(b) it can be seen that a marginal increase in maximum pressure trace amplitude has 
been recorded for the excessive piston slap conditions for both no-load and full-load 
operating conditions. This marginal increase is thought to be due to the day-to-day 
variations in ambient engine operating conditions whilst undertaking the tests. 
   
   (a)         (b) 
Figure 8.5: Averaged pressure traces from the excessive piston slap test for (a) no 
load and (b) full load engine operating conditions 
 
The absence of piston slap related combustion effects seen in Figures 8.4(a) and (b) 
suggests that the self adjusting nature of the piston ring-cylinder contact maintains 
effective combustion even though piston skirt-to cylinder clearances have reached 
the engine service limit and become excessive.  
 
8.4 Identification of Piston Slap Related Acoustic Emission  
During the piston slap tests AE signals were recorded using the DAQ set-up 
described in Chapter 4. Raw AE signals were simultaneously recorded with TDC 
signals from four AE sensors positioned on the Perkins engine. Raw AE signals were 
converted into AE RMS as a post-processing step whereby the conversion of 
digitised raw AE into AE RMS was undertaken as described in Chapter 4. After the 
RMS conversion the signals from each engine operation setting were averaged using 
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approximately 150 individual engine cycles. Figure 8.6 shows normal and excessive 
piston slap averaged AE RMS signals for the no-load engine operating condition. As 
Figure 8.6 shows, the predicted Perkins piston slap event crank-angle positions have 
also been highlighted with the four piston-slap events associated with the TDC and 
BDC stroke positions being labeled as events 1, 3, 4, and 5, whilst the two mid-
stroke related piston slap events are labeled as 2 and 6.  
 
 
 
Figure 8.6: Plots of averaged AE RMS showing predicted piston slap positions 
along with a zoomed window showing piston slap related AE activity  
 
As the zoomed window in Figure 8.6 shows, the excessive piston slap averaged AE 
RMS signal shows a readily identifiable peak close to the first predicted mid-stroke 
piston slap position labeled as event number 2 however no other readily recognisable 
piston slap related events are seen. Comparisons between the normal and excess 
piston slap signals with respect to predicted piston slap event positions 1, 3, 4, 5 and 
6 shows that no obvious indication of the excess piston slap and indeed, energy 
levels in the predicted piston slap event positions are seen to decrease for the excess 
slap case. 
 
Figure 8.7(a), (b), (c), and (d) show close-up views of the averaged AE RMS peaks 
from event number 2 with regards to the four different engine loads used. As can be 
seen, Figure 8.7(a), (b), (c), and (d) also show the averaged AE RMS signals with 
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regards to the different sensor positions. It is noted here that no AE signals were 
recoded from the AE sensor positioned on the head of the engine (AE sensor 1) 
hence, Figure 8.7(a), (b), (c), and (d) only shows plots from AE sensors 2, 3, and 4 
located on the engine block.  
 
 
        (a)       (b)  
   
        (c)      (d)  
 
Figure 8.7: Plot showing excess slap averaged AE RMS for the four engine loads  
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As Figure 8.7(a), (b), (c), and (d) shows, mid-stroke piston slap related AE RMS 
peaks are readily identifiable for all of the engine loads used, however, as shown 
these piston slap related peaks are of lower amplitude than the no-load peak. The 
exact cause of this is unclear however it is thought that the variations in engine 
dynamics when the engine is operated in the unloaded condition produces a relative 
increase in mid-stroke side-force. Figure 8.7(a), (b), (c), and (d) also shows that the 
three AE sensors located on the engine block all recorded AE signals having similar 
amplitude.  
 
A detailed examination of the Perkins engine block revealed that the internal cooling 
water jacket geometry presented a direct AE source-to-sensor wave propagation to 
all of the AE sensors used.  The presence of the cooling water jacket between the 
source and sensor positions is also thought to be the reason for the absence of readily 
observable piston slap activity at the TDC and BDC positions and the relatively low 
amplitudes associated with all of the peaks displayed in Figure 8.7.  
 
8.5 Window Energy Based Piston Slap Characterisation 
In further examining piston slap related AE activity, six windows were defined using 
the six possible piston slap positions shown in Figure 8.3 in order to isolate those 
portions of recorded AE RMS signals that were likely to contain piston-slap related 
AE activity.  The signal windows all encompassed a crank-angle interval of 25˚ and 
are displayed in Figure 8.8 along with the averaged AE RMS signals from Figure 
8.6. As Figure 8.8 shows, in keeping with the piston slap event numbering detailed 
previously, the four piston-slap events associated with the TDC and BDC stroke 
positions have been labeled as window 1, window 3, window 4, and window 5 with 
window 4 being associated with the combustion TDC whilst the two mid-stroke 
piston slap windows have been labeled as windows 2 and 6.  
 
In order to quantify piston slap related AE activity levels, comparisons were made 
between the normal and excess piston-slap running conditions using summed piston 
slap window energy values. These summed window energy value was calculated by 
summing the AE RMS over the 25˚ window length. This procedure was performed 
for the six different windows using the no load, 1/3, 2/3 and full load averaged AE 
RMS signals.  
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Figure 8.8: Plot showing the six piston slap related signal windows  
 
The summed window AE energy values calculated using AE RMS signals from 
sensor 2 were normalised using the respective baseline energy value and are 
presented graphically as Figure 8.9. As seen, Figure 8.9 shows that the non-
combustion TDC/BDC windows - windows 1, 3, and 5 - all show reductions in 
normalised window energy for the piston slap running conditions for all of the  
engine loads used.  
 
 
Figure 8.9: Normalised total window energy values for the six piston-slap windows  
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This result indicates that the three non-combustion TDC/BDC windows do not 
provide any measurable indication of the increased piston slap. The reasons for this 
are believed to be the result of a combination of three main factors. The first of these 
is the low overall amplitude of recorded piston slap related AE due to the attenuation 
associated with the engine cooling-water jacket. The second factor is the offset 
gudgeon pin piston design used in the Perkins engine – designed to minimise TDC 
and BDC related slap. The third factor is the level of induced slap itself, in that if 
larger piston to cylinder clearances had been used in inducing the piston slap, 
detection of slap related AE would be easier to achieve.  
 
Figure 8.9 also shows that the combustion related TDC window; window 4, shows an 
increase in window energy for the full load case of 18.56% over the baseline value. 
As window 4 relates specifically to the piston slap event that occurs during 
combustion, this finding could indicate that the load related cylinder pressure 
increase, generates an accompanying increase in slap-impact related AE energy. 
Although this finding is consistent with the previously reported [53] relationship 
between combustion related slap-impact energy increases, and non-combustion slap-
impact energy increases, the marginal nature of the increase and lack of additional 
supporting evidence results in this postulation being tenuous. 
 
More definitive increases in AE RMS window energy are however shown in Figure 
8.6 for the two mid-stroke windows with window 2 in particular showing large 
increases in slap-impact related AE energy. The window 2 slap-impact related AE 
energy increases shown are 118.62%, 49.70%, 23.60% and 38.58% for the no-load, 
1/3, 2/3 and full-load cases respectively.  
 
The increases in total window energy for window 6 were somewhat smaller with the 
window 6 slap-impact related AE energy increases being 23.22%, 3.60%, 0.06% and 
39.53% for the no-load, 1/3, 2/3 and full-load cases respectively. It is thought that the 
main reason for the mid-stroke piston slap related increases in total window energy is 
the lack of other AE activity present at these crank-angle positions in contrast to the 
numerous AE generating events occurring at or near the TDC/BDC positions. 
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8.6 Chapter Summary 
During the course of the investigation into the detection and characterisation of 
piston slap related AE activity, it was found that for the engine used, six potential 
piston slap events could theoretically occur during a complete engine cycle. Using 
information from the model specific windowed portions of averaged AE RMS 
signals were analysed for piston slap related AE activity. It was found that piston-
slap related AE activity could be identified however this AE activity was generally of 
low relative amplitude when compared to other AE peaks. 
 
Results presented showed that the non-combustion TDC/BDC portions of the AE 
RMS signals did not contain any indication of piston-slap related AE activity. It was 
thought that this result was due to the combination of three main factors with these 
factors being; the AE attenuation associated with the engine cooling-water jacket, the 
minimal TDC and BDC related slap due to the offset gudgeon pin piston design used 
in the Perkins engine and lastly; the level of the induced slap used during the course 
of this investigation. It is recognised that larger piston-cylinder clearances would 
result in  more readily detected piston  slap however, it is believed that inducing 
piston slap consistent with the engine service limits, produces results that are more 
relevant with regards to AE activity in Diesel engines that are in service. In addition, 
interpretation of the results regarding the piston slap event occurring near the 
combustion TDC suggests that some indication of piston slap related activity was 
given in the averaged AE RMS signals although as was pointed out, these increases 
were marginal.  
 
Further results showed that definitive increases in AE RMS window energy occurred 
for the two mid-stroke windows.  The window 2 position located mid-stroke on the 
intake-stroke in particular displayed readily recognisable increases in slap-impact 
related AE energy whilst the increases for window 6 were smaller. In explaining 
these results, the lack of other AE activity present at these mid-stroke crank-angle 
positions was highlighted as the main reason for the readily recognisable mid-stroke 
piston slap related increases in total AE RMS window energy. 
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Chapter 9 
 
 
Conclusions and Future 
Work    
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The work presented throughout this thesis has addressed the challenge faced in 
identifying and discriminating between the different combustion related AE events 
that originate as a consequence of the operation of various combustion related 
engine components and the combustion process itself. The approach used in 
addressing this challenge was based on the premise that integrating detailed 
information concerning engine function, knowledge of relevant failure mechanisms 
and established modelling techniques could be used in conjunction with AE 
measurements to identify and monitor a range of incipient combustion related Diesel 
engine faults. Throughout this thesis, this approach has been applied to AE signals 
recorded during four major series of tests which featured the inducement of injector 
 
 
Characterisation of Combustion Related Acoustic Emission Sources for Diesel Engine Condition Monitoring 
 142 
nozzle faults, dual-fuel Diesel knock, abnormal valve-train dynamics and excessive 
piston-slap. The approach used has also highlighted the use of AE in a fault 
detection role in which faults were detected as a consequence of the ability of  AE to 
directly monitor fault related mechanisms. Chapter 9 commences by presenting a 
summary of the main findings from the four main investigations presented 
throughout this thesis. Subsequent sections of Chapter 9 go on to suggest how the 
approach detailed throughout this thesis could be implemented as part of a condition 
monitoring system whilst latter sections of Chapter 9 identify various aspects of the 
research that remain to be investigated further.  
 
9.1 Results Summary and Conclusions  
The first investigation aimed to characterise faulty operation of the two common 
Diesel fuel injector nozzles in terms of the resultant AE signal features using 
detailed knowledge regarding the specific functional features of each nozzle type. 
Individual tests involved inducing nozzle faults that would replicate two typically 
encountered pintle and hole-type nozzle fault modes. During both tests, accepted 
nozzle testing procedures were used to establish the resulting level of nozzle 
damage. The results of this investigation showed that differences in injector function 
resulted in AE signals that had features which were related to the type of injector 
nozzle. More specifically, results of this investigation showed that:  
 
• Increases in the induced hole-type nozzle fault severity resulted in a 
progressive reduction in the amount of fuel injected into the combustion 
chamber. This in turn generally resulted in a progressive decline in 
combustion related AE activity.  
 
• An increase in AE activity was identified during the small hole-type nozzle 
fault test and it was postulated that this increase in AE energy was due to an 
increased premixed combustion pulse stemming from the sensitivity that DI 
combustion systems have to poor fuel spray characteristics.  
 
• The severe hole-type nozzle fault condition resulted in low levels of injector 
operation related AE energy however combustion related AE energy was still 
identified.  
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• It was seen that the severe hole-type nozzle fault resulted in a substantial 
increase in premixed combustion pulse related AE energy which was again 
identified as being a consequence of the poor fuel spray characteristics. 
 
• Increased injector operation related AE activity detected under the normal 
and small fault conditions were interpreted as indicating increased injector 
and fuel flow related AE activity when compared to the misfire and large 
fault conditions. 
 
• Results from the induced pintle-type nozzle fault test showed that unlike the 
progressive decrease in engine output seen during the hole-type nozzle tests, 
the induced pintle nozzle faults did not produce any significant decreases in 
cylinder output. This was identified as being the result of the differing 
operational characteristics associated with hole and pintle-type fuel injector 
nozzles.  
 
• Other results from the pintle-type nozzle fault tests showed that no definitive 
AE signal trends regarding the different pintle nozzle faults were identified 
however the lack of fault related AE features was pointed out as highlighting 
the added immunity to the poor fuel spray characteristics associated with IDI 
combustion chamber designs and pintle-type injector nozzles when compared 
to DI designs.  
 
The second investigation undertaken aimed to use AE measurements in the detection 
and characterisation of dual-fuel Diesel knock in Diesel engines. These tests featured 
the use of ethanol fumigation to induce three different dual-fuel Diesel engine 
running conditions based on the rate of ethanol substitution. These conditions were 
used in order to represent three different operational regimes; normal engine 
operation, acceptable dual-fuel Diesel engine operation and engine operation with 
unacceptable levels of dual-fuel Diesel knock. Results from this investigation 
demonstrated that: 
 
• The combustion pulses and attendant resonant pressure oscillations 
associated with dual-fuel Diesel knock are inportant sources of AE activity. 
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• AE signals were successfully used to detect the excessive dual-fuel Diesel 
knock operating condition however sensor position was found to be critical. 
 
• The findings regarding sensor position demonstrated that AE signals from a 
sensor located on the block of the engine were able to provide information 
regarding the level of dual-fuel Diesel knock however the AE signals from 
the head of the engine gave no indication regarding the high levels of 
induced knock. 
 
• Further findings also demonstrated that the trends in summed AE energy 
recorded from the block mirrored the level of knock present for each of the 
three engine operating conditions used. 
 
The third investigation aimed to characterise the AE activity that originates as a 
consequence of poor valve-train dynamics and abnormal valve motion. More 
specifically, this investigation involved the development of a dynamic model of the 
Perkins engine valve-train to characterise and predict valve lash related valve 
motion. This predicted valve motion was subsequently used to estimate valve 
closing velocities in order to characterise relevant impact related valve closing 
portions of corresponding AE signals. The results of this investigation showed that:  
 
• Dynamically modelled valve motion could be used to predict the timing 
changes associated with changes in valve lash. It was shown that reduced 
valve lash settings resulted in early valve opening and late closing whilst 
excessive lash settings resulted in late valve opening and early valve closing. 
 
• Valve closure that is no longer controlled by the ramp portions of the valve 
lift (cam) profile results in large valve closing velocities and thus impacts 
that are readily discernable within  AE signals although it was found that 
these engine operating conditions did not affect combustion performance. 
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•  It was found that AE activity increased progressively with each successive 
lash setting in a manner that reflected the valve closing velocity increases 
predicted by the dynamic valve-train model. 
 
• It was further found that a marginal increase in windowed AE energy 
between the reduced and normal lash settings was consistent with the 
marginal velocity increases associated with the ramp portion of the valve 
motion profile.  
 
The fourth investigation aimed to characterise the phenomenon of piston slap as a 
source of AE and identify whether any AE signal features could be directly 
identified as being caused by piston slap consistent with engine service limits. 
Recorded AE signals were interpreted using an established piston side-force 
modelling method which was used to identify the potential crank-angle locations of 
six piston slap impact events. The timing information regarding the predicted piston 
slap events was used to isolate specific portions of averaged AE RMS signals likely 
to contain piston slap related AE activity. As detailed in Chapter 8 piston-slap 
related AE activity was identified however this AE activity was generally of low 
relative amplitude when compared to other AE peaks. In more specific terms, results 
from this investigation showed that: 
 
• Piston slap impact related AE activity was identified at the mid-stroke 
position occurring during the intake-stroke with smaller increases in slap-
impact related AE activity also being identified at the mid-stroke position 
occurring during the exhaust-stroke.  
 
• The mid-stroke piston slap related increases in AE activity were found to be 
identifiable as there is a lack of other AE activity present at the two mid-
stroke crank-angle positions. 
 
• The TDC/BDC portions of the AE RMS signals did not contain any explicitly 
identifiable piston-slap related AE activity. This result was found to be 
mainly due to the indirect AE source to sensor propagation path and the 
attenuation associated with the engine cooling-water jacket. It was also 
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recognised that the offset gudgeon pin piston design could substantially 
reduce the strength of the combustion related TDC piston slap impact. 
 
These summarised findings have shown that in the case of each of the investigations 
undertaken, an approach based on the integration of detailed engine function 
information, knowledge of relevant fault modes and the use of established modelling 
techniques was successfully employed to categorise AE activity arising from a range 
of combustion related faults.   
 
9.2 Application for Diesel Engine Monitoring  
The results presented throughout the preceding chapters have demonstrated that the 
approach whereby engine function, fault mode knowledge and modelling techniques 
have been used together to successfully categorise AE activity from individual 
faults, may be described as an extension and combination of the event mapping and 
signal characterisation approaches that have previously been used in addressing the 
challenge of identifying and discriminating combustion related AE sources. With 
respect to engine condition monitoring, the approach used can be more broadly 
defined as a deterministic engine condition monitoring approach as this approach is 
reliant on an in-depth understanding of specific underlying AE generating processes 
in order to isolate and interpret the relevant fault related AE activity by using 
comparisons against baseline or expected AE activity. 
 
It is thought that the approach taken throughout the thesis and the use of AE signals 
could be easily adapted and applied for fault diagnosis using preexisting reference 
signals such as TDC and injector operation signals and some relatively simple time-
series based signal processing methods. Using the reference signals, relevant 
portions of recorded AE signals could be isolated and analysed with regards to 
baseline or expected AE activity.  
 
It is also worth noting that this architecture could be automated and applied as an 
online Diesel monitoring system either as a “stand-alone” system or as part of an 
existing engine monitoring system. In further developing the approach demonstrated 
into an engine monitoring system, it is possible to identify a number of key features 
that could be addressed. These may include the development of a CM decision-tree 
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type framework or the incorporation of artificial intelligence into the fault diagnosis 
process. 
 
9.3 Future Research Directions 
With regards to complementing or strengthening the experimental work featured in 
this thesis it is possible to identify a number of specific opportunities. These include 
the additional characterisation of knock related AE using a specifically developed 
knock damage criterion  and the additional investigation of AE based knock 
detection in other types of  engines. Other opportunities for further research include 
the additional investigation of other valve related faults using the same approach and 
the further development of the piston side force model and piston slap impact 
prediction. It is also acknowledged that other combustion component or process 
related sources of AE remain and indeed more work remains before the challenge 
faced in identifying and discriminating between all possible AE events is addressed 
in its entirety.  
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Calculation of the Perkins 
Valve-Train Dynamic 
Model Parameters  
 
 
 
 
 
 
 
Valve-train component masses were measured directly and the measured valve and 
valve spring masses were divided and assigned to the relevant mass elements 
according to procedures detailed previously [196, 200] with the valve head and 
valve spring mass elements being denoted as Mvh and Mvs respectively. The 
measured valve-train component masses are listed in Table A.1 Spring rates for the 
pushrod kpr, and tappet kcm, were calculated using Equation A.1 with A being the 
cross-sectional area, E Young’s modulus for the material, and where l is the length 
of the component. The spring rate ksp, for the valve coil spring was calculated using 
Equation A.2 where d is the wire diameter, G the modulus of rupture, D, the mean 
coil diameter and N being the number of coils. 
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Table A.1: Measured valve-train component masses 
Component Mass 
(grams) 
Pushrod 41 
Tappet 40 (estimated) 
Rocker 41 
Adjustment  Screw 8 
Inlet Valve 65 
Valve Cap 4 
Valve Keepers 2 
Spring Retainer 13 
Valve Spring 20 
 
The rocker arm was approximated as a double cantilever beam and the spring rates 
associated with each side were calculated separately according to the equation 
reproduced as Equation A.3 with E being Young’s modulus for the material, l being 
the length of the component, and where I is the cross-sectional second moment of 
area: 
 
                (A.1) 
 
                (A.2) 
 
                (A.3) 
 
Evaluation of the damping parameters was addressed by assuming that the overall 
damping effects could be approximated using external and internal damping 
coefficients. The external damping coefficient was defined as addressing the 
damping effects occurring due to the lubricated friction between valve-train 
components and the engine structure whilst the internal damping coefficient 
addressed the damping effects occurring between the components of the valve-train 
itself. An external damping coefficient of 0.185 was adopted from Barkan [200] 
whilst the internal damping coefficient was calculated in a fashion such as that 
detailed by Norton [196] using vibration response data measured directly from the 
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Perkins engine valve-train with a B&K 8307 accelerometer. As Figure A.1(a) and 
A.1(b) show, the accelerometer was mounted on the valve side of the rocker arm 
using cyanoacrylate glue and a number of vibration responses were measured whilst 
generating light impacts on the adjustment screw which as Figure A.1(b) shows was 
located on the pushrod side of the rocker arm.  
 
  
 Figure A.1: The accelerometer and adjustment screw on the Perkins valve-train rocker arm  
 
A total of 20 vibration responses were measured with the valve-train mechanism in 
two different engagement positions in order to record vibration responses from the 
valve-train whilst under different preload conditions. These valve-train engagement 
positions were the valve “just opening” and “fully open” positions. Figure A.2 
shows a typical example of a valve-train vibration response. 
 
 
 
  Figure A.2: Plot showing a typical Perkins valve-train vibration response  
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The internal damping coefficient (ζ) for each valve-train vibration response was 
calculated according to the procedure outlined by Norton [196] using Equations 
A.4a and A.4b in which δ is the logarithmic decrement and mx is the 
thm  peak in the 
vibration response plot measured.  
 
              (A.4a) 
 
               (A.4b) 
 
The individual damping coefficient values calculated were then averaged giving an 
overall average damping coefficient value of 0.105. 
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Appendix B 
 
 
 
Derivation and Solution of 
the Perkins Valve-Train 
Equations of Motion  
  
 
 
 
 
 
 
 
Following the development of the single DOF model, a free body diagram 
highlighting the relevant forces acting upon the effective mass, Meff  was produced 
in order to derive the equations of motion. The free body diagram developed has 
been reproduced as Figure B.1 with the valve spring force denoted as Fs; the linkage 
compression force denoted as Fc; the coulomb damping term denoted as Ccb and the 
viscous damping term denoted as Ceff. Summing the terms shown in Figure B.1 
using Newton’s second law it is possible to formulate the equation of motion for the 
Perkins valve-train as Equation B.1:  
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Figure B.1: The free body diagram from the single DOF lumped mass model  
 
xMeffhyKsyYyb
y
yyYKeffyYKeff 


=+−−−−−−− )()()())(()( βϕ           (B.1) 
 
Using the variable substitutions shown as Equation B.2a, B.2b and B.2c, where x is 
the displacement of Meff relative to the cam follower (mass-less “contact shoe”); x  
is the velocity of Meff relative to the contact shoe and x is the acceleration of Meff 
relative to the contact shoe gives Equation B.3: 
 
yYx −=                (B.2a) 
 
yYx  −=                (B.2b) 
 
yYx  −=                (B.2c) 
 
)()())((1 hYKsYYMeffbxxKeff
y
y
Keff
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The term; )( hYKsYYMeff +++  β  is the forcing function ( )(tF ) where Y , Y  and 
Y  are the displacement, velocity and acceleration  inputs associated with the cam 
profile. 
 
)()( hYKsYYMefftF +++=  β               (B.4) 
 
Equation B.3 is two equations depending on whether y  is positive or negative. The 
substitutions 1K  and 2K  for when y  is positive and negative respectively are 
defined below as Equations B.5a and B.5b. 
 
111 KKeffKeff
KsKeff
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−+ ϕϕ


          (B.5a) 
 
211 KKeffKeff
KsKeff
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Keff
Ks
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
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





−+ ϕϕ
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Using Equations B.5a and B.5b and the following substitutions listed as Equation 
B.5c, B.5d, B.5e and B.5f it is possible to define valve motion for whenever the 
valve-train linkage is in a state of compression (positive x values).  
 
Meff
K1
1 =ω                (B.5c) 
 
Meff
K 2
2 =ω                (B.5d) 
 
1
1 2 ω
βξ
Meff
b +
=                (B.5e) 
 
2
2 2 ω
βξ
Meff
b +
=                (B.5f) 
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The equations defining valve motion when the valve-train linkage is in a state of 
compression are therefore detailed as Equation B.6a and B.6b. Equation B.6a  is 
valid for the valve opening conditions (when y > 0) whilst Equation B.6b  is valid 
for the valve closing conditions (when y < 0). 
 
)(12 2111 tFMeff
xxx =++ ωωξ              (B.6a) 
 
)(12 2222 tFMeff
xxx =++ ωωξ              (B.6b) 
 
As seen Equations B.6a and B.6b are given in terms of x which in physical terms 
defines the displacement of mass Meff, relative to the mass-less contact shoe. 
Dynamic valve motion y is defined using parameters detailed in Figure 7.7 as: 
 
xZy −−= ε   or:        xYy −=             (B.7) 
 
Equations B.6a and B.6b define valve motion for the Perkins valve-train linkage 
however in order to solve these equations it is necessary to firstly define the relevant 
boundary conditions. The boundary conditions for valve opening are: 
 
• When the valve is seated, the equivalent cam lift (Z) is taken up by the valve 
lash clearance and the compression of the valve-train linkage until the cam 
lifting force exceeds the opposing forces and the valve (Meff) begins to 
accelerate off the valve seat 
 
• The point at which the Meff begins to accelerate off the valve seat is defined 
as 0θ   and occurs when the net force on Meff becomes positive 
 
• Prior to 0θ the linkage compression force is )( ε−ZKeff and the opposing 
forces are those due to atmospheric and cylinder pressure differences, spring 
preload, spring vibration and friction  
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Assuming the effects due to pressure differences friction and spring vibration are 
negligible 0θ  can be defined as the instant when )()()( YKeffhKsYKeff ϕ+= which 
if rearranged gives Equation B.8: 
 
)(0 hKeff
KsZ 





+= ε                (B.8) 
 
As is shown, Equation B.8 is used to calculate the equivalent cam lift value at 
which 0θ  occurs. 0θ  is then defined using measured equivalent lift data that has been 
recorded with respect to crank-angle. At 0θ it is also noted that 00 =y  and 00 =y  as 
the valve has not yet moved, therefore a second initial boundary condition can be 
defined using  Equation B.9a and B.9b: 
 
0000 YyYx =−=              (B.9a) 
 
0000 YyYx  =−=              (B.9b) 
 
Upon seating Equations B.6a and B.6b governing valve motion are no longer valid. 
The boundary condition for valve closing is given by Equation B.10 whilst the valve 
closing velocity can be calculated using Equation B.11. 
 
0=−= xYy                (B.10) 
 
xYy  −=                (B.11) 
 
Having specified the relevant boundary conditions it was now necessary to define a 
general numerical solution in order to solve Equations B.6a and B.6b as F(t) can only 
be defined  using numerical valve lift data measured directly from the Perkins 
engine. Therefore to solve the 2nd order differential equation of motion it is assumed 
that F(t) can be specified using a linear equation reproduced here as Equation B.12 
with nF  being the incremental force value, t∆  being the time step increment and τ 
being the time value within the interval. 
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)()( 1 τ
t
FFFtF nnn
ttnt
tnt
∆
+∆+=
=
−
+=             (B.12) 
 
The equation to be solved therefore is shown in general terms as Equation B.13: 
 
)(2 12 τωξω
t
FFFxxx nnn
∆
+ −+=++              (B.13) 
 
The solution of Equation B.13 for the Perkins valve-train can be written as Equations 
B.14 and B.15. 
 
)()()()( 431211 nnnnn xNxNFNFNx +++= ++             (B.14) 
 
)()()()( 871651 nnnnn xNxNFNFNx +++= ++             (B.15) 
 
Two sets of the coefficients 1N to 8N  were calculated using the following previously 
detailed expressions [200]. The first set of coefficients; calculated using v1 defined 
below as Equation (B.16a), was applicable when the valve-train linkage is 
compressed and y is positive. The second set of coefficients was calculated using v3 
defined below as Equation (B.16b), and was applicable when the valve-train linkage 
is compressed and y is negative.   
 
2/1
1 1' 


 −+= ϕ
K
kvv o             (B.16a) 
 
2/1
3 1' 


 ++= ϕ
K
kvv o            (B.16b) 
 
( ) 


 +−+= dca
Mv
N ζαζ
α
ζ 2
21 2
21             (B.17) 
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


 +−= dcb
Mv
N 222 2
21 ζ
α
ζ              (B.18) 
dtN ⋅∆=3                (B.19) 
 
( ) cdN −+⋅= 14 ζα               (B.20) 
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αζ             (B.21) 


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

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

⋅
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−
∆
= fc
tMv
N
226 1
1
ζ
ζ             (B.22) 
 
fcN ⋅
−
−−=
27 1
1
ζ
ζ              (B.23) 
 
28 1 ζ−
−=
vN               (B.24) 
 
With the following substitutions: 
 
tv ∆⋅=α              (B.25a) 
 
( ) αζσ ⋅−= 2/121             (B.25b) 
 
( ) ( ) ( ) ...
!
1...
2
1
2
+
−
+−=−
m
e
mm ζαζαζαζα          (B.25c) 
 
( ) ...
128
5
1682
11 8
642
2/12 ζζζζζ −−−−=−          (B.25d) 
 
( )
( ) 




+
+
⋅−
−=
+
− ...
!12
21...
303
2142
m
mea
mm σσσζα          (B.25e) 
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( )
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!12
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eeb
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bac +=              (B.25g) 
 
bd −=1              (B.25h) 
 
( ) ( ) 




+
−
−−=
−
+− ...
!12
1...
6
12
1
3
m
ef
m
m σσσζα          (B.25i) 
 
In order to define the forcing function F(t), detailed as Equation B.4. it was necessary 
to define the displacement (Y ), velocity (Y ) and acceleration (Y ) inputs associated 
with the cam profile. Out of necessity, these parameters were defined using tabulated 
valve lift data that was experimentally measured directly from the valve-train of the 
Perkins engine and tabulated with respect to crank-angle.  As shown in Figure B.2(a) 
valve lift values were measured directly from the cylinder 1 inlet valve spring 
retainer using a dial indicator whilst the corresponding crank-angle values were 
measured using the graduated adaptor plate shown in Figure B.2(b) that was fitted to 
the front of the engine.  
 
    
     (a)       (b) 
Figure B.2: The valve lift measurement set-up showing (a) the dial indicator and 
(b) the graduated adaptor  
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In order to define the displacement (Y ), velocity (Y ) and acceleration (Y ) inputs, 
tabulated valve lift data was then processed with MATLAB® in the Curve Fitting 
Toolbox™ environment [208] using a smoothing spline. Displacement (Y ), velocity 
(Y ) and acceleration (Y ) input arrays were generated having a crank-angle interval 
of 0.1˚. Figure B.3 highlights this process by showing plots of both measured, and 
smoothed valve displacement data. 
 
 
Figure B.3: Plot showing measured and smoothed valve lift data  
 
In numerically defining the forcing function F(t), the displacement (Y ) parameter 
was consequently incorporated into the third term in Equation B.4 as an array of 
valve lift versus crank-angle data whilst the cam related acceleration )(Y parameter 
was converted from ( 2θm ) into ( 2secm ) before being incorporated into the first 
term in Equation B.4. The friction related term; Yβ  in Equation B.4 has been 
identified as being negligible when compared to the other terms [200] so therefore 
was excluded. 
 
 
 
 
